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Abstract

Mullite-based multilayered structures have been suggested as promising environmental barrier coatings for Si3N4 and SiC ceramics. Mullite has

been used as bottom layer because its thermal expansion coefficient closely matches those of the Si-based substrates, whereas Y–ZrO2 has been

tried as top layer due to its stability in combustion environments. In addition, mullite/ZrO2 compositions may work as middle layers to reduce the

thermal expansion coefficient mismatch between the ZrO2 and mullite layers. Present work studies the thermal behaviour of a flame sprayed

mullite/ZrO2 (75/25, v/v) composite coating. The changes in crystallinity, microstructure and thermal conductivity of free-standing coatings heat

treated at two different temperatures (1000 and 1300 8C) are comparatively discussed. The as-sprayed and 1000 8C treated coatings showed an

almost constant thermal conductivity (K) of 1.5 W m�1 K�1. The K of the 1300 8C treated specimen increased up to twice due to the extensive

mullite crystallization without any cracking.
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1. Introduction

The development of the new generation of turbines and

microturbines for higher working temperatures requires the use

of ceramic components based on Si3N4 and SiC. Under dry

oxidative environments, these materials present excellent high

temperature oxidation resistance due to the growth of the

protective silica layer but, under the stringent working

conditions of temperature and steam of gas turbine engines,

they experience water vapour corrosion leading to a surface

recession through the destruction of the SiO2 layer and,

consequently, to dimensional changes in the ceramic compo-

nent [1–3]. To overcome this problem, the so-called environ-

mental barrier coatings (EBC) have been designed. However,

reliable coatings are still far away due to the multiple

requirements that need to be considered, being one of them

the significant properties mismatch with substrate materials

and, therefore, new prospects are being directed to accom-

modate these mismatches by the designing of multilayered/

graded systems [4,5].
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One of the earliest protective layers intended was mullite [6]

due to its close thermal expansion coefficient to Si3N4.

However, formation of cracks due to re-crystallization after

high temperature exposure and some SiO2 layer recession were

reported [7]. Several attempts in mullite containing multi-

layered systems have been tried with different degree of

success, looking for corrosion protection and limiting residual

thermal stresses. A single 7 wt.% Y2O3 doped ZrO2 (YSZ) top-

coat on mullite was the first choice but recently coatings based

on BSAS (BaO–SrO–Al2O3–SiO2)/mullite, rare earth silicates/

mullite [8–11] and La2Hf2O7/mullite [12] structures are at the

cutting edge. Among the rare earth silicates, monosilicates

(RE2SiO5; RE = rare earth element) as Yb2SiO5 [13,14] and

disilicates like Lu2Si2O7 [15,16], which show good phase

stability and thermal expansion coefficient close to silicon-

based ceramic substrates, have been tried. In general, these

EBCs experience lower volatility and higher chemical

compatibility under combustion environments than BSAS

coatings, reducing the crack density as well. A monolayer

system of ZrSiO4 has also been probed as top-coat having low

porosity and good adhesion to the substrate [17]. Recently, Zr/

Hf-mixed silicates have been evaluated as potential EBCs [18].

In addition to the studies on new materials and structures for

EBCs systems, current works are involved in analysing their
d.
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Fig. 1. Particle size distribution of the spray dried powders.
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behaviour under real working conditions, i.e. combustion gases

and high temperatures. Actually, the recession behaviour

[7,14,19], the water vapour corrosion resistance [15,16], the

impact resistance [20], the residual stresses built-up [21] and

the thermal cycling response [22,23] have been studied in these

layered coatings. Their degradation by melts produced in

combustion environments [24] and the evaluation of non-

destructive techniques to monitor the coatings degradation [25]

have been additional topics of interest.

In progress works on mullite coatings for EBC applications

are focused on increasing their crystallinity and mechanical

properties [26]. One well-known way to improve the

mechanical performance of mullite is the addition of tetragonal

ZrO2 particles, which enhances at the same time hardness and

toughness. Monoclinic ZrO2 powders can be used since the

tetragonal polymorph of ZrO2 is retained at room temperature

due to the constraint imposed by the surrounding matrix [27].

Mullite/ZrO2 coatings could work as intermediate layer in

multilayered EBCs, reducing the thermal expansion coefficient

mismatch between the YSZ top-coat and the mullite bond coat.

In a previous work of the present authors, mullite/ZrO2 coatings

were flame sprayed on both ceramic and metal substrates [28]

and their crystallinity was promoted by heating at temperatures

in the range of 1000–1300 8C, with an associated increase in

hardness and elastic modulus. In fact, crack-free crystalline

coatings having good mechanical properties were readily

produced by in situ annealing the coatings with the

oxyacetylene torch. To the best of our knowledge, there is

little work devoted to study the thermal conductivity (K) of

mullite-based coatings [29] despite the fact that it is one of the

key properties that determines the performance of EBCs. The

aim of this paper is to study the influence of the amorphous/

crystalline nature of free-standing mullite/ZrO2 flame sprayed

coatings on the thermal conductivity. As-sprayed coatings were

mostly amorphous and their crystallization was enhanced by

heat treating them at temperatures in the range of 1000–

1300 8C. The effect of crystallization on the thermal

conductivity is deeply discussed.

2. Experimental procedure

Commercial mullite (3Al2O3�2SiO2) (Baikolox SASM.

Baikowski Chimie, France) and monoclinic ZrO2 (SF-EXTRA,

Z-Tech Zirconia, USA) powders were the starting materials.

Particle size distributions were measured by laser diffraction

(Mastersizer S, Malvern, UK) methods. The mean particle size

(d50) for mullite was 1.53 mm, with a distribution width

between 0.05 and 80 mm. The ZrO2 particle size spanned from

0.05 to 40 mm, with d50 of 1.21 mm. Mullite/ZrO2 agglomerates

with composition 75/25 (v/v), showing good flowability

through the feeding system, were prepared in the same way

as described elsewhere [30]. Briefly, a mullite/ZrO2 water

suspension with 30 wt.% of solid content, plus 0.4 wt.% of a

polyelectrolyte dispersant and 5 wt.% of a polysaccharide

binder, was thoroughly blended. Afterwards, the slurry was

spray dried with a rotary atomizer spray dryer (Mobile Minor

Spray Dryer, basic model, Niro Atomizer, Denmark) in a co-
current flow. The spray dried (SD) mullite/ZrO2 batch showed a

quasi mono-modal particle size distribution, with d50 at 23 mm

(Fig. 1).

Free-standing specimens were produced by flame spraying

powders over smooth (Rz < 20 mm) metallic substrates

(2.5 cm � 2.5 cm � 0.3 cm), using an oxygen–acetylene flame

spraying gun (model CastoDyn DS 8000, Eutectic Castolin,

Spain). The spraying conditions were: acetylene/oxygen

volumetric flow ratio of 1.1, gas pressures of 7 � 104 Pa

(C4H4) and 4 � 105 Pa (O2), input power of 28 kW, stand-off

distance of 20 cm and a powder feed rate of �1.2 kg h�1.

Coatings of 600–800 mm in thickness were built up with a

programmed transverse scan speed of 0.7 m s�1, a scanning

step of 1 cm, and 4 consecutive passes. Substrate temperature

remained below 800 8C, checked by a K-type thermocouple in

contact with one of the substrate edges. The coatings

crystallinity was promoted by furnace heating free-standing

specimens at 1000 and 1300 8C for 12 h, using heating and

cooling rates of 5 8C min�1.

The microstructure of the different coatings was analyzed

using a field emission scanning electron microscope (FEM,

Hitachi S-4700, Japan) provided with energy-dispersive X-ray

spectroscopy (EDS) analysis. Crystalline phases in the coatings

were identified by X-ray diffraction analysis (XRD–Siemens

D5000, Germany).

A corresponding bulk composite was processed for

comparison. In this case, mullite and ZrO2 mixtures were ball

milled for 21 h in isopropyl alcohol using nylon balls as milling

media. Alcohol media was eliminated in a rotary-evaporator to

avoid phase segregation. Then, the powder mixture was dried at

65 8C, sieved through a 100 mm mesh, uniaxially pressed at

45 MPa and furnace treated at 1600 8C for 1 h.

The thermal diffusivity (a) of coatings and bulk sample was

measured by the laser-flash method (Thermaflash 2200,

Holometrix, USA) in Ar atmosphere, as a function of

temperature, from 25 to 800 8C. Disks of 12.7 mm in diameter

were drilled from the free-standing coatings and ground to get

flat specimens. Bulk material was machined in a similar way.

Prior to thermal diffusivity measurements, both the front and

the back faces of each specimen were coated with a thin gold



Fig. 2. SEM micrographs of as-sprayed coating: (a) top view and (b) polished

cross-section.
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layer, followed by deposition of a thin carbon layer, in order to

enhance heat absorption at the surface and to prevent direct

transmission of the laser beam. The specific heat (Cp) as a

function of temperature was calculated from the chemical

composition and the heat capacity data of the constituent oxides

(ZrO2 and mullite) obtained from literature sources [31].

Thermal conductivity (K) was then obtained from a, Cp and the
Fig. 3. XRD patterns of as-sprayed and heat treated mullite/ZrO2 coatings
mass density (r) measured by water immersion, using the

following expression:

K ¼ arC p (1)

3. Results and discussion

Coatings top view (Fig. 2a) shows mostly melted disk-

shaped splats of about 20–30 mm, in accordance with the size of

the powder feedstock. In the polished cross-section (Fig. 2b),

splats of different colour that correspond to local variations in

composition are seen. As discussed in a previous paper [28],

most of the splats have compositions along the mullite–ZrO2

tie-line, but few have less SiO2 content than the original

powders, due to local volatilizations during the flame spraying

process. Splats look smooth but some small crystals are

occasionally observed (Fig. 2b).

The XRD pattern of the as-sprayed coating (Fig. 3) shows a

broad band at 308 (2u) with overlaid weak peaks, which

correspond to mullite, m-ZrO2 (m = monoclinic) and t-ZrO2

(t = tetragonal). On the other hand, the 1000 8C treated coating

shows strong peaks of t-ZrO2 and traces of mullite and m-ZrO2

(Fig. 3). The broadening of the peaks indicates the nucleation of

crystallites with very small size, 10 nm for t-ZrO2 and 18 nm

for mullite crystals, as estimated by the Scherrer’s expression

[32]. These values may be slightly underestimated as the

instrumental broadening correction was not considered. At

1300 8C, both t-ZrO2 and mullite peaks become narrower and

more intense, indicating the practical full crystallization of the

amorphous phases. Grain growth was evidenced in the 1000

and 1300 8C coatings by SEM observations; as an example,

Fig. 4 shows the extensive crystallization of ZrO2 for the

1300 8C coating. In a previous work [33] of present authors, the

crystallinity ratio (C.R.) was defined as the ratio between the

area under the peaks and the area under the whole XRD pattern,

normalized to the fully crystallized 1300 8C coating. The C.R.

is 0.26 for the 1000 8C coating, close to the weight fraction of
. An enlarged view of the as-sprayed coating pattern is also depicted.



Fig. 4. SEM micrographs at three different magnifications of the polished cross-section of the coating treated at 1300 8C.

Table 1

Mass density, open and total porosity of the mullite/ZrO2 coatings.

Specimen Mass densitya

(kg m�3)

Open porositya

(%)

Porosityb

(%)

As-sprayed 3000 10.0 17

1000 for 12 h 3100 9.5 14

1300 for 12 h 3300 6.4 13

a Measured by water immersion.
b Calculated assuming that theoretical densities of the as-sprayed and heat

treated coatings are those measured by helium pycnometry for the FS beads and

SD powders, respectively.
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ZrO2 (0.39), pointing that for this treatment mainly ZrO2

nucleates.

Moreover, cracking is not detected after crystallization

(Fig. 4a) but instead the formation of very small spherical pores

is observed (Fig. 4b). The porosity in the coatings (17–13%)

reduces the elastic moduli (126–177 GPa [28]), which probably

contributes to inhibit crack formation during crystallization.

The appearance of small spherical pores in the heated coatings

is explained by the lower mass density of the mullite/ZrO2

composition in the amorphous state. In fact, porous-free solid

amorphous mullite/ZrO2 beads, obtained by flame spraying

(FS) the feedstock in water, have a mass density of

3600 kg m�3, which is lower than the value of 3800 kg m�3

obtained for the SD feedstock powder before flame spraying,

both measured by helium pycnometry. The value for the SD

powders is very close to the theoretical mass density

(3840 kg m�3) calculated from the rule of mixtures, consider-

ing the given volume fractions and theoretical densities of

mullite (3160 kg m�3) and m-ZrO2 (5900 kg m�3). Despite the

formation of microporosity, the open and total porosities of the

coatings (Table 1) slightly decrease after heating, which infers

that some sintering has occurred. Total porosity has been

calculated considering the mass density of the FS beads as the

theoretical mass density of the as-sprayed amorphous coating;

whereas, for the crystalline coatings, the theoretical mass

density of reference was that of the SD crystalline powders. For

the 1000 8C treated coating, the theoretical mass density was

calculated using the rule of mixtures, the relative amount of

amorphous and crystalline phases estimated from XRD patterns

and the corresponding densities.
Thermal diffusivity as a function of temperature for as-

sprayed and heat treated mullite/ZrO2 free-standing coatings

are depicted in Fig. 5a. As seen in the plots, thermal diffusivity

does not show any significant change for the 1000 8C treated

coating, despite the incipient crystallization observed by XRD

(Fig. 3), but it strongly increases for the 1300 8C treated

specimen. In consonance, thermal conductivity shows similar

trend (Fig. 5b), increasing from 1.4 W m�1 K�1 at room

temperature for the as-sprayed and 1000 8C coatings up to

2.7 W m�1 K�1 for the fully crystallized 1300 8C coating. The

values are almost constant in the whole temperature range and

similar to those reported for YSZ -TBCs, which vary between 1

and 2.2 W m�1 K�1 depending on the coating technique, i.e.

plasma spray or electron beam physical vapour deposition

[34,35]. Therefore, these amorphous mullite/ZrO2 coatings

would be effective thermal barriers with very low thermal

conductivity up to temperatures of 1000 8C.



Fig. 5. Thermal diffusivity (a) and thermal conductivity (b) as a function of

temperature for as-sprayed and heat treated mullite/ZrO2 free-standing coat-

ings. Values of thermal conductivity of a mullite/ZrO2 bulk material are plotted

for comparison.
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The thermal conductivity measured in the mullite/ZrO2 bulk

specimen with 15% of porosity, plotted in Fig. 5b as well, gave

a value of 3.8 W m�1 K�1 at room temperature that is much

higher than the data measured for any of these composite

coatings. The temperature dependence of thermal conductivity

for the mullite/ZrO2 composite can be fitted to a T�0.3 function,

similarly to the behaviour reported for bulk mullite [36], which

is consistent with a phonon–phonon scattering mechanism in

the high temperature regimen. Conversely, the lower K value

measured at room temperature for the amorphous as-sprayed

coating is typical of a glass-like material, whose thermal

conductivity is characterized by a diffusive vibrational wave-

packet [37]. Similar behaviour is observed for the coating

treated at 1000 8C, as this coating still has a significant amount

of amorphous phase (crystallinity ratio of 0.26). Considering

the concept of minimum thermal conductivity [37,38], we can

asses that Kmin for the amorphous mullite/ZrO2 coating is

�1.4 W m�1 K�1, which is slightly lower than values measured

for dense highly disordered YSZ and fused SiO2

(2 W m�1 K�1), probably due to the porosity content (17%)

of that coating.

Certainly, the thermal conductivity of these coatings

depends on both the amount of amorphous phase and the

porosity content. The 4% reduction in porosity after the
1300 8C treatment would lead to a 7% increase in its thermal

conductivity, according to Klemens’ equation [39]. Therefore,

porosity reduction itself does not explain the significant

increase in K (95%), which can only be attributed to the

crystallization of amorphous phases. The thermal conductivity

of the 1300 8C treated coating is almost constant with

temperature and still 20% lower than thermal conductivity of

the mullite/ZrO2 bulk composite at room temperature. As the

mullite/ZrO2 composite has similar porosity to the coating, this

difference must be linked to either the very small size of the

crystallizations, about 100 nm (Fig. 4c), or the particular

orientation of the inter-splat porosity in the coatings,

perpendicular to the heat flow, as usually occurs in thermal

sprayed coatings [40].

4. Conclusions

The presence of amorphous phases is decisive for the

thermal conductivity of flame sprayed coatings, reducing in

50% the thermal conductivity of similar but crystalline coating.

For present mullite/ZrO2 coatings (75/25, v/v), values as low as

1.4 W m�1 K�1, almost constant with temperature, are

obtained for amorphous coatings. The limit working tempera-

ture for these amorphous coatings, while taking advantage of its

low K, would be 1000 8C.
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