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bstract

ullite and mullite/Y-ZrO2 (25 and 50 vol.%) beads were produced by thermal spraying in water the corresponding atomised compositions. The
mount of amorphous phases in the as-sprayed beads was comparatively determined by X-ray diffraction (XRD) and differential thermal analysis
DTA) methods. Characteristic XRD peaks associated to crystallization of the mullite and Y-ZrO2 (t) phases were compared with the intensity of

he exothermic events in the DTA for each composition. A direct linear relationship between the amount of amorphous phases estimated by XRD

ethods and the area under DTA peaks per unit mass was found. The crystallization microstructure of the different composition beads after heat
reatments was followed by scanning electron microscopy (SEM).

2010 Published by Elsevier Ltd.
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. Introduction

Mullite based compositions find interesting applications in
igh temperature systems. In particular, for next generation of
as turbine engines with parts made of Si3N4 or SiC/SiC, which
ursue higher working temperatures and efficiency, jointly with a
owering in fuel consumption and emission of green house effect
ases. However, these appealing benefits can be hindered by
he rapid degradation of those materials in the high temperature
nvironment of gas turbines,1–3 due to the reaction of the protec-
ive silica layer at their surface with the water vapor produced. In
similar way as thermal barrier coatings (TBC) have been used

o protect metallic substrates against high temperatures, envi-
onmental barrier coatings (EBC) have been proposed to inhibit
ubstrate corrosion in ceramic components. In this sense, mul-
ite has been used as a transitional protective layer for Si-based
omponents owing to its compatibility and close thermal expan-
ion coefficient to these ceramics.4–6 Mullite coatings processed
y thermal spraying techniques normally become moderately

morphous, later crystallizing when heat-treated at T ≥ 1000 ◦C,
hus producing volume changes and frequently through coat-
ng cracks7–9 that allow further oxidation. Moreover, even fully

∗ Corresponding author. Tel.: +34 917355840; fax: +34 917355843.
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ier coatings

rystalline mullite coatings exhibited some volatilization of sil-
ca in water vapor rich atmospheres at high temperatures.6–8

ifferent approaches have been attempted to solve this prob-
em. Specifically, a ZrO2–7–8 wt.% Y2O3 (YSZ) top coat was
lasma sprayed over mullite8,9 but the large mismatch in the
oefficient of thermal expansion (CTE) between YSZ and mul-
ite layers caused the fail of the system. Alternatively, special
ayered systems have been aimed looking for a reduction in ther-

al stresses through adjustment of CTE between consecutive
ayers.9–12 Mathematical modeling of thermally activated time-
ependent deformations in functionally graded zirconia-based
BCs has shown that the driving force for interface crack growth
ay be reduced by the addition of mullite.13 Alongside, mul-

ite/YSZ mixtures may play an important role as intermediate
ayers in mullite-based EBC coatings.

For these complex EBC systems, the study of the amorphous
hase formation in thermal sprayed mullite/ZrO2 compositions
s well as the effect of ZrO2 on the crystallization temperature
nset are issues of great significance that can help in the suc-
essful design and performance understanding of these complex
oatings. In the present work, we address these topics using X-
ay diffraction (XRD) and differential thermal analysis (DTA)

s basic tools. Instead of using thermal sprayed coatings as test
pecimens, we have chosen beads prepared by flame spraying
ompositions into water. These beads performed as powders and
revented phenomena like preferred orientation or the inter-
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are very dynamical process, phase equilibrium thermodynamics
establishes that eutectic composition is completely melted when
eutectic temperature is reached and conversely, on cooling, crys-
tallization occurs at that temperature. Therefore, compositions

Table 1
Average particle size of SD powders and beads.
004 E. Garcia et al. / Journal of the Europ

erence of the substrate type on heat treatments. In thermally
prayed coatings, preferred orientation usually appears due to
iling up of molten and re-solidified particles (splats) that can
roduce biased data. Observation of the beads surface after the
eat treatments under the scanning electron microscope (SEM)
elped to establish the specific crystallization microstructures.

. Experimental

Mullite powders (Baikalox SASM, Baikowski Chemie,
nnecy, France), with a purity of 99% and an average parti-

le size of 1.3 �m, and zirconia stabilized with 7 wt.% Y2O3
Y-TZP) powders (TZ4Y, Tosoh, Tokyo, Japan), 99.95% pure
nd with an average particle size of 0.3 �m, were the starting
aterials. Three different suspensions with 30 wt.% of solid

ontent of mullite (M100), 75 vol.% mullite–25 vol.% Y-TZP
M75) and 50 vol.% mullite–50 vol.% Y-TZP (M50) were pre-
ared. Suspensions were done in distilled water adding 0.4 wt.%
f a polyelectrolyte dispersant (Dolapix CE 64 CA, Zschimmer-
chwarz, Lahnstein, Germany) and 5 wt.% of a polysaccharide
inder (KB 1247, Zschimmer-Schwarz, Lahnstein, Germany),
ll contents are referred to the solid phase. The thoroughly mix-
ng of all ingredients was assured by using a blade mixer and,
ubsequently, a continuous attrition mill. Owing to their nature,
one of the additives left residues after thermal spraying.

The slurries were spray dried with a rotary atomizer spray
ryer (Mobile Minor, Niro Atomizer, Søborg, Denmark) in
co-current flow. Beads were made by flame spraying (FS)

orresponding batches of spray dried (SD) powders using an
xygen–acetylene gun (model CastoDyn DS 8000, Eutectic Cas-
olin, Madrid, Spain) into a water filled metal container, at the
tand-off distance of 15 cm. Beads were drained and oven dried
t 120 ◦C. To study crystallization, beads were furnace treated
t 1000 and 1300 ◦C for 1 h.

Particle size distributions of the SD powders and as-sprayed
eads were determined with a laser diffraction analyzer (Master-
izer S, Malvern, UK). The morphology of the different powders
as studied with the SEM (DMS-950 Carl-Zeiss, Oberkochen,
ermany). XRD were performed using a Xpert PRO diffrac-

ometer (PANalytical, NL) with a θ/2θ configuration, in the
0–70◦ 2θ range, with a step of 0.0165◦, a time per step of
0 s and 15 rpm of sample spinning. The DTA was performed
ith a Simultaneous Thermal Analyzer of Netzch, model 409

Germany), at a heating rate of 10 ◦C/min, using alumina stan-
ard.

. Results and discussions

SEM micrographs of the SD agglomerates and the corre-
ponding FS beads are shown in Fig. 1. The SD agglomerates
how mostly round porous particles, whereas the beads are com-
act spheres with a narrower size distribution. The average

article size of SD powders and FS beads was around 26 �m
or all compositions as it is reflected in Table 1. In the case of

50 beads, crystallizations are evidenced on the particle surface
Fig. 1(f)).

C

M
M
M

ig. 1. SD agglomerates and corresponding FS beads of (a and d) M100, (b and
) M75 and (c and f) M50 compositions.

XRD patterns of SD powders and FS beads for the three
ompositions are compared in Fig. 2 where strong reductions
n peaks intensity for the FS beads are evident. M100 SD pow-
ers show typical peaks of mullite, whereas M75 SD and M50
D show intense diffraction peaks of t-ZrO2 and weak mullite
eaks. Furthermore, M100 FS beads show a hump at ∼26◦ (2θ)
ndicating the presence of amorphous mullite (Fig. 2(a)); con-
ersely, M50 FS beads present sharp diffraction peak of t-ZrO2
ut mullite diffraction peaks are not detected (Fig. 2(c)). Finally,
75 FS beads are predominantly amorphous (Fig. 2(b)), with a

houlder around 30◦ (2θ), which corresponds to the maximum
ntensity peak of t-ZrO2. The higher amorphisation detected in
his composition can be explained by its proximity to the eutec-
ic point of the Al2O3–SiO2–ZrO2 phase equilibrium diagram14

s depicted in Fig. 3. Even though thermal spraying methods
omposition SD d50 (�m) FS d50 (�m)

100 26 30
75 26 28
50 23 27
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mullite diffraction peaks. However, the single peak at 26◦ (2θ) in
the 1000 ◦C pattern (enlarged view in Fig. 5(a)) can be attributed
to a pseudotetragonal mullite, in agreement with Johnson et al.19

that observed this transitional mullite in heat treated glass mul-

ig. 2. XRD patterns of the SD and FS powders (a) M100, (b) M75 and (c)
50.

lose to the eutectic would be more prone to achieve melting
uring the short flying time.

In Fig. 4, DTA thermographs of the three compositions
how one exothermic peak around 1000 ◦C. This peak is
harper and stronger in the M100 FS than in the composite
S beads (Fig. 4(a)). Besides, M75 and M50 FS beads present
less intense second exothermic peak around 1200–1250 ◦C

Fig. 4(b)). Whereas the later peak is associated to second mul-
ite crystallization in Al2O3–SiO2 mixtures,15 the first has been
lternatively ascribed to Al–Si spinel, �-Al2O3 or even incipient

ullite formation.16,17 More recent studies suggest that the pre-

ious thermal history of Al2O3–SiO2 gels and melts determines
he mullite crystallization path.18,19

F
s

ig. 3. Al2O3–SiO2–ZrO2 phase equilibrium diagram14 showing the location
f the M100, M75 and M50 compositions.

The area under the DTA peaks divided by the mass used
or the analysis (∼50 mg) (ADTA) gives a notion of the energy
nvolved in the crystallization process of each composition. The
ollowing figures were obtained for ADTA: 94 (M100), 102 (M75)
nd 28 (M50) (in �V s/mg units). ADTA of the M75 FS beads was
he largest in agreement with the higher amount of amorphous
hase in this composition as it was shown in the XRD patterns
Fig. 2(b)).

Following DTA results, FS beads were heat treated at 1000
nd 1300 ◦C for 1 h and subsequently, XRD patterns were
ecorded (see Fig. 5(a)–(c)). An increase in the intensity of XRD
eaks as compared to the as-sprayed beads is observed in all
ompositions. For the 1300 ◦C treatment, patterns are rather sim-
lar to the original SD powders, and specimens can be considered
s totally crystallized. If comparison between XRD patterns of
000 and 1300 ◦C treatments are done, it comes clear that M100
s quite crystallized at 1000 ◦C, owing to the similar intensity of
ig. 4. DTA thermographs of the given compositions (a) and a detail where
econdary exothermic peaks appear enlarged (b).
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The increase in C.R.norm for M100 composition after heating at
1000 ◦C is ∼60%, which should be associated to pseudotetrago-
nal mullite crystallization in view of the XRD results (Fig. 5(a)).
For M75 a similar increase is observed although it seems mostly

Table 2
Ratio between the areas of mullite diffraction peaks (Amullite) and ZrO2 diffrac-
tion peaks (AZrO2 ) in 20–40◦ range (2θ) for M75 and M50 samples. Data
for original spray dry powders (SD), as-sprayed beads (FS) and heat treated
specimens.

Amullite/AZrO2

M75 M50
ig. 5. XRD patterns of heat treated beads of the different compositions (a)
100, (b) M75 and (c) M50). Enlarged views of the 24◦–28◦ zone are included.

ite beads for temperatures below 1200 ◦C. This peak splits in
he XRD pattern of M100 beads heated at 1300 ◦C (see detail
n Fig. 5(a)), which confirms the orthorhombic mullite forma-
ion. Nevertheless, in the composite beads the fully crystallized
attern is only recovered at 1300 ◦C, especially for the mullite

◦
eaks showing now the doublet peak at 26 (2θ) (enlarged view
n Fig. 5(b) and (c)).

To get a quantitative estimation of the amount of amorphous
hases in the beads, we have defined the crystallinity ratio (C.R.)

S
F
1
1

Fig. 6. Normalized C.R. as a function of thermal treatment temperature.

s a parameter that relates the area under the XRD peaks to the
otal area under the diffraction pattern,

.R. = Apeaks

Acurve
× 100 (1)

here Acurve is the area under a specific segment of the XRD
attern and Apeaks is the area under the peaks present in that
egment. In here, the area was integrated in 2θ between 20◦
nd 40◦, because it is the representative range where the amor-
hous humps and the significant XRD peaks are located. To
et the area under the peaks, the base-line was subtracted and
he peaks were fitted to Lorentzian curves. Subsequently, the
.R. was normalized (C.R.norm) to the corresponding values for

he samples treated at 1300 ◦C, i.e. the fully crystallized speci-
ens, giving thus an estimate of the amorphous phase content

s 100-C.R.norm.
A clue of how C.R.norm evolves as a function of the heat

reatments can be appraised in Fig. 6, for the three composi-
ions. In Table 2, the area ratio between the diffraction peaks of

ullite and ZrO2 are reflected for the two mix compositions to
ive a comparative indication of the weight of each phase. As
een in Fig. 6, for the as-sprayed state, M75 composition shows
he lowest C.R.norm (11%) and M50, the highest (65%), proba-
ly because ZrO2 rapidly nucleates in this specimen (Fig. 1(f)).
D 0.2 0.07
S 0 0
000 ◦C 0.02 0
300 ◦C 0.3 0.07
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Fig. 8. SEM micrographs of M100 and M75 beads surface for the as-sprayed and
1300 ◦C treatment. Amorphous continuous phase is labeled as “a”, the different
nuclei as “n” and “n*”and grains as “g”. See text for explanation.

Fig. 9. SEM micrographs of M50 beads surface for the 1300 ◦C heat treatment
(
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ig. 7. DTA area per unit mass (ADTA) versus the increment in the crystallinity
atio (�C.R.norm).

inked to ZrO2 crystallization as shown in Table 2 and Fig. 5(b),
here the intensity ratio between mullite and ZrO2 peaks (0.02)

s far from the value of the crystallized composition (0.2–0.3).
inally, the C.R.norm increase for M50 after heating at 1000 ◦C is
lmost negligible (3%), confirming that ZrO2 mostly nucleates
n the as-sprayed specimen and mullite has hardly crystallized
t 1000 ◦C (Table 2 and Fig. 5(c)). Actually, heating up to
300 ◦C was necessary to get entire mullite crystallization in
50 (Fig. 6). Therefore, ZrO2 seems to hamper crystallization

f the pseudotetragonal mullite at 1000 ◦C, maybe due to the
xtra disorder added by the Zr atoms in the Al2O3–SiO2 glass
etwork, shifting the crystallization temperature range to higher
emperatures and directly forming the orthorhombic mullite. It
s known that the level of atomic mixing in Al2O3/SiO2 mix-
ures determines the nucleation temperature of mullite, which
an move from 1000 ◦C to ∼1280 ◦C.15,18,19

To correlate the expected increase in crystallization from
he as-sprayed to the fully crystalline state with the DTA
xothermic effect, ADTA versus �C.R.norm = (C.R.norm)1300 –
C.R.norm)as-sprayed is represented in Fig. 7 for the three composi-
ions. The plot shows a linear relationship (R2 = 0.994) between
oth parameters. Therefore, just by doing a simple DTA and
ntroducing the value in the plot, the amount of amorphous phase
n any mullite/ZrO2 mixture thermally sprayed may be esti-
ated, with a minimum detection limit ∼20%, as extrapolated

rom Fig. 7.
Detailed views of the as-sprayed and heat treated M100 and

75 beads surface are offered in Fig. 8. For as-sprayed mul-
ite (Fig. 8(a)) a continuous amorphous-like phase (“a” label)
ith some inlaid nuclei (“n”) of about 50 nm are seen. After
eat treating at 1300 ◦C (Fig. 8(b)), the number of nuclei has
arkedly increased but maintaining their size. In as-spayed
75 beads (Fig. 8(c)), a continuous amorphous phase with few

uclei ascribed to t-ZrO2 (“n*”) are seen. Smaller number of

uclei than in M100 beads is observed in accordance to its lower
rystallinity. At 1300 ◦C (Fig. 8(d)), microstructure seems like
omogenous composite of two fine grained phases (∼100 nm),
he white grains (“g”) being of ZrO2.

a
T
o
w

a) and a higher magnification detail (b). ZrO2 dendrites (“d”) are clearly seen
a) and small grains (“g”) of mulite and ZrO2 are observed in the enlarged view
b).

Conversely, M50 beads show distinct features (Fig. 9) to the
ther two, probably because this composition is in the primary
rystallization field of ZrO2 and closer than M75 to the ZrO2
orner, which produces the rapid nucleation of t-ZrO2 crystals
ven during the fast cooling of the thermal spraying in water. Pat-
erns of ZrO2 dendrites were distinguished in as-sprayed beads,
hich remained unchanged after heat treatments at 1000 and
300 ◦C, see “d” in Fig. 9(a). Besides, at 1300 ◦C the nucleation
f mullite and some tiny ZrO2 grains (“g” in Fig. 9(b)) among
he dendrite crystals is perceived.

. Conclusions

The degree of crystallization of flame sprayed mullite/ZrO2
eads depends on the particular composition of the mixture.
ompositions close to the eutectic, 75 Mullite–25 ZrO2 vol.%,
ere mostly amorphous after spraying. In general, the presence
f ZrO2 in the bead composition shifted mullite crystallization to
igher temperatures (∼1200 ◦C). A crystallinity parameter was
efined from the XRD patterns that linearly correlates with the

rea under exothermic crystallization peaks of the DTA graph.
his simple correlation can be used to estimate the amount
f amorphous phase in thermal sprayed mullite/ZrO2 mixtures
hen the content exceeds 20%.
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