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Y2O3-stabilized ZrO2 (YSZ) thermal barrier coatings (TBCs) grown on a polycrystalline alumina (Al2O3) substrate
are corroded by a natural volcanic ash (VA) at 1150 °C. The VA corrosion-induced microstructure development
and composition evolution across the YSZ coating layer and at the VA/YSZ and YSZ/Al2O3 interfaces are investi-
gated by scanning electron microscopy (SEM), X-ray diffraction (XRD), Raman spectroscopy, energy-dispersive
X-ray spectroscopy (EDS) and transmission electron microscopy (TEM). It is found that the VA-corroded YSZ
coating undergoes grain growth and becomes well-connected along the deposition direction. It is shown that
VA-molten depositions penetrate through the entire YSZ layer and fully fill the intercolumnar gaps in the YSZ
layer, which results in crystalline ZrSiO4 precipitates between the intercolumnar gaps near the VA/YSZ interface
and anorthite (CaAl2Si2O8) precipitates at the YSZ/Al2O3 interface with the micro-crack formation. The growth
stresses associated with the anorthite precipitation is suggested as the driving force to initiate the degradation
of TBCs at the YSZ/Al2O3 interface region.
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1. Introduction

Thermal barrier coatings (TBCs) are extensively used to protect
metallic components of aircraft engines operated in an aggressive
environment for improving the engine efficiency by increasing the
operating temperatures [1–7]. TBCs generally consist of an yttria-
stabilized zirconia coating deposited onto an oxidation-resistant bond-
coat alloy. Typically, the presence of a segmented and porous 7 wt.%
(4 mol%) Y2O3-stabilized ZrO2 ceramic coating contributes strongly to
the thermal barrier function and strain tolerance [8]. There are two
main types of commercial TBCs used in aircraft engines. One is deposit-
ed typically on rotating parts by electron-beam physical vapor deposi-
tion (EB-PVD) with columnar grains normal to the coating/substrate
interface and the intercolumnar porosity. The other is deposited typical-
ly on stationary components by the low-cost process of air plasma spray
(APS) with porosity generally parallel to the interface [3–4].

Increasing the turbine inlet temperature has engendered a new fail-
ure for a jet plane flying through air contaminated with siliceous min-
erals (dust, sand, and volcanic ash) consisting of calcium-magnesium-
alumina-silicates (CMAS), which are ingested with the intake air and
deposited on the hot surface of the engine components [9–19]. The
CMAS ash can melt in the engine to form molten glass. The reaction
ce and Engineering, Xiangtan
between molten CMAS and the YSZ coating can lead to significant
changes in the morphology, microstructure, and composition of the
YSZ coating and result in degradation of the TBCs [20–23]. The
intercolumnar porosity structure of EB-PVD TBCs makes it susceptible
to this type of attack. Corrosion is prone to occur when the TBCs are
exposed to volcanic ash (VA) since VA has a melting temperature, rang-
ing from 1090 °C to 1150 °C, lower than the temperatures in the com-
bustion chamber of a jet engine, in excess of 1600 °C [24]. It has been
shown that VA acts as a solvent for Y2O3 and reacts with ZrO2 to form
ZrSiO4 at the expense of YSZ [25]. Significant advances in understanding
the microscopic processes leading to the TBCs failure have been
made, including the thermo-mechanical interactions and the thermo-
chemical interactions [26–29]. However, there is still a key challenge
in understanding the thermo-chemical interaction due to variations in
the amount and chemical composition of the molten glass formed on
the coating surface [29]. Moreover, the VA attack process takes place
under highly dynamic conditions with strong temperature, composi-
tional, and chemical gradients. Therefore, detailed characterization of
the corrosion feature in the bulk of the YSZ layer and at the VA/YSZ
and YSZ/TGO (TGO: thermally grown aluminum oxide) interfaces is
necessary for developing an improved understanding of the thermo-
chemical interactions between TBC materials and the molten VA,
which is essential for elucidating the VA-corrosion induced failure phe-
nomena in TBCs.

Mechnich et al. studied the chemical interaction and the micro-
structure development of the YSZ coating corroded by artificial volcanic
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ash (AVA) matching the bulk composition of the April 15, 2010
Eyjafjallajokull (Iceland) volcanic eruption within relatively short reac-
tion time (1 h only) and showed that VA can penetrate the top part of
the YSZ layer [25]. However, information regarding the corrosion char-
acterizations of the entire YSZ layer and the YSZ/TGO interface induced
by prolonged VA corrosion at high temperatures is still lacking. Detailed
investigations on the corrosion feature of the entire TBC system will
provide mechanistic insight into understanding the failure mechanism
of TBCs under operating conditions. Furthermore, the interaction pro-
cess between VA and YSZ may be different even if the same corrosion
conditions are taken owing to variations in the chemical composition
of VA from different areas [25]. In the present work, the TBC system is
progressively corroded by a VA collected from Sakurajima volcano in
Japan (eruption date: 10th March, 2009). The VA-corrosion induced
phase evolution and morphological development at the VA/YSZ inter-
face, across the entire YSZ layer and at YSZ/TGO interfaces are studied
in detail by means of scanning electron microscopy (SEM), X-ray dif-
fraction (XRD), Raman spectroscopy, energy-dispersive X-ray spectros-
copy (EDS) and transmission electron microscopy (TEM).

2. Materials and methods

To assess the potential effect of the molten VA on YSZ and TGO and
avoid the complexity associated with excessive oxidation and micro-
structure degradation of theNiAl-based bonding coating during isother-
mal VA corrosion, an alumina substrate is used as a substitute for the
superalloy substrate of the bonding coating in the present work. A
100-μm thick TBC layer of 7 wt.% Y2O3 partially stabilized ZrO2 is depos-
ited on an alumina (98% purity) substrate via an electron-beamphysical
vapor deposition (EB-PVD) system (UE-204B). The alumina substrate is
held at 900 °C with a rotation rate of 25 rpm (rotation per min) to
achieve the characteristic columnar structure of the YSZ coating.

Composition of the VA is dominated by SiO2 content as shown in
Table 1. A fine powder of the VA is made by ball-milling, and then
screened by an 800-mesh sieve. Grain size of the fine powder is deter-
mined using a particle-size analyzer (Mastersizer 2000, Malvern Instru-
ments, UK). As shown in Fig. 1(a), the as-prepared VA powder shows a
continuous grain size distributing from 0.1 μm to 20 μm and a d50

(i.e. 50% of grains) value is approximately 5 μm. Thermal properties of
the VA up to 1300 °C are determined using differential scanning
calorimetry (DSC, STA 449, Netzsch, Germany), at a heating rate of
20 °C/min. The DSC plot shown in Fig. 1(b) reveals two major thermal
effects. An endothermic phase transition is evident between 900 °C
and 950 °C. The VA consists of glassy phases owing to rapid quenching
from its melt state. The endothermic transition between 900 °C and 950
°C is related to the glass transition. A second significant endothermic re-
actionwith a very broad peak around 1180 °C implies that there exists a
melting temperature range, owing to the large content of glass-state sil-
ica in the VA. The characterization by XRD indicates that the as-
prepared VA is dominated by non-crystalline constituents with minor
crystalline constituents such as feldspar, pyroxene and olivine.

A thick paste of the VA ismade bymixing the fine powderswith eth-
anol (1mgVA/0.01ml ethanol) and subsequently painted to the surface
of the YSZ with an area density of about 10 mg/cm2. These specimens
are placed on an alumina plate with the VA-deposited surface facing
up. High temperature corrosion experiment of the TBC specimens
with the VA depositions is performed in a muffle furnace at 1150 °C
Table 1
Chemical compositions of VA materials from this study as compared to Iceland.

Vakyes in (mol% or wt.%) SiO2 Al2O3 CaO M

Iceland Volcanic ash (wt.%) 57.69 15.48 5.15 2
Volcanic ash* (wt.%) 54.90 12.48 10.34 3
Volcanic ash* (mol%) 58.33 7.69 11.54 5

⁎ Used in this work, location of eruption: Sakurajima volcano, eruption date: 10th March, 20
for 4 h, 12 h, and 24 h, respectively. The heating and cooling rates
both are 10 °C/min.

Metallographic samples of the as-deposited TBCs and VA-corroded
TBCs are prepared by embedding in epoxy and subsequently cutting
into slices along the direction parallel to the growth direction of the
TBCs in order to avoid coating spallation. These slices are polished suc-
cessively using 2000 grit and 3000 grit SiC paper. A layer of platinum
(Pt) is plated on the polished surface to obtain clear SEM images. SEM
(Qunanta FEG-250, FEI) is used to characterize the microstructure and
composition. The morphology images are obtained by collecting the
backscattered electrons.

XRD analyses are performed with a D/MAX 2500 diffractometer
using Cu Kα radiation. XRD patterns are obtained from the top surface
layer, the middle layer (~50 μm down from the top surface) and the in-
terface layer (~100 μmdown from the top surface), respectively. Raman
Spectra are characterized using a Renishaw Invia laser Raman Spec-
trometer from the top surface layer (~5 μmdown from the top surface)
and the interface layer (~100 μm down from the top surface). The dif-
ferent coating depths are obtained by wearing off the YSZ coating
with a mechanical mill to each pre-defined thickness measured by a
micrometer.

Cross-sectional TEM samples are prepared following the proce-
dure proposed by P. Poza et al. [30]. Firstly, the samples are cut in half
along the thickness direction and the top surfaces are struck together
using Bond 610 glue after cleaning. The samples are then mechanically
thinned successively using SiC paper with increasingly fine grits to
about 60 μm thickness, where 3500 grit SiC papers are finally used. A
Fischione Model 200 dimpling grinder is used to dimple the thinned
sample to about 10 μm. Finally, a Fischione Model 200 ion milling is
used for further thinning. The prepared TEM samples are characterized
using a JEM-2100 TEM.

3. Results and discussion

3.1. Microstructure characterization of VA-corroded TBCs

3.1.1. SEM characterization
Fig. 2 shows representative cross-sectional SEM morphology im-

ages of the as-prepared and VA-corroded samples. As a reference,
Fig. 2(a) is a typical SEM image of the as-deposited EB-PVD TBCs on
the Al2O3 substrate, which shows that the YSZ layer is about
100 μm thick and is adherent to the A2O3 substrate. As shown in
the inset zoomed-in SEM image in the lower right corner of
Fig. 2(a), the YSZ layer has a columnar structure with the columnar
grains perpendicular to the YSZ/Al2O3 interface. It can also be noted
that the YSZ coating shows wavy layers (as indicated by the black
broken lines) roughly parallel to the YSZ/Al2O3 interface. The SEM
image also shows there are intercolumnar gaps in the YSZ layer (as
indicated by the black arrows). Fig. 2(b–d) are typical SEMmorphol-
ogy images of the samples corroded by molten VA at 1150 °C for 4 h,
12 h, and 24 h, respectively. As seen in Fig. 2(b), the VA completely
wets the top YSZ layer and there is no physical gap at the VA/YSZ in-
terface area for the sample corroded for 4 h, indicating that the VA
layer becomes molten after the corrosion for 4 h. No other significant
differences in themorphological features can be noted in the 4-h cor-
roded sample compared to the as-deposited YSZ sample. For in-
stance, the YSZ coating still remains its columnar structure with
gO FeO TiO2 Na2O K2O Traces

.15 9.61 1.59 5.25 1.72 1.36

.04 13.11 – 4.25 1.72 0.26

.13 11.54 – 4.49 1.28 –

09, location of collection; Furusato hot spring.



Fig. 1. (a) Particle size distribution of the VA after ball milling.; (b) differential scanning calorimetry (DSC) profile of the VA in the temperature ranging from 500 °C to 1280 °C. Note the
sigmoidal glass transition occurs at approximately 930 °C and there exists a melting temperature range around 1180 °C.
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the wavy layered feature (as indicated by black broken lines) and the
average size of the columnar grains does not show appreciable dif-
ference from the un-corroded sample. With increasing the corrosion
time up to 12 h and 24 h, the columnar grains becomewell connected
along the vertical direction as shown in Fig. 2(c–d). Moreover, the
columnar grains have increased aspect ratios of length to diameter
as shown in the zoomed-in SEM image in Fig. 2d. Fig. 2(c–d) also
show that the initial wavy layer feature of the YSZ layer disappears,
which may be related to the curvature effect, where the convex por-
tions of the YSZ may have a faster corrosion rate than the concave
portions. In addition, Fig. 2(b-d) also show that the VA-corroded
Fig. 2. Cross-sectional SEM morphology images of the as-sprayed sample (a)
YSZ coating layers still remain adherent to the Al2O3 substrate for
the different corrosion durations.

To determine the level of VA infiltration, the time-dependent spatial
distribution of silicon in the corroded samples is qualitatively analyzed
by EDS elemental mapping since the composition of the VA is dominat-
ed by SiO2. Fig. 3(a–c) show the Si mapping images of the samples
corroded by molten VA at 1150 °C for 4 h, 12 h, and 24 h, respectively.
For the sample corroded for 4 h, most of the Si intensity is located at
the top surface layer although there is some weak Si signal across
the entire YSZ layer (Fig. 3(a)). With increasing the corrosion time,
the intensity of Si signal increases across the entire YSZ coating layer.
and the VA-corroded samples at 1150 °C for 4 h (b); 12 h (c); 24 h (d).



Fig. 3. Si mapping images of the samples corroded by molten VA at 1150 °C for 4 h (a); 12 h (b); 24 h (c).
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This indicates that Si has penetrated through the entire YSZ layer and
the quantity of Si in the YSZ layer increases with the duration of corro-
sion process. From Fig. 3(a–c), one can note that the inter-columnar
gaps (marked by white arrows) have more Si intensity than the sur-
rounding grains, indicating that VA infiltrates preferentially through
the gaps between columnar grains. These EDS mappings demonstrate
that molten VA has already penetrated through the entire YSZ layer
and reached the Al2O3 substrate for the three samples. Particularly,
Fig. 3(c) shows that there is no concentrated Si signal near the surface
region, indicating that the molten VA has completely diffused into the
YSZ layer.

3.1.2. XRD and Raman spectrums characterization
To complement the SEM analysis on the corrosion-inducedmorpho-

logical and composition evolution, the VA-corroded samples are charac-
terized by XRD. Fig. 4(a) shows XRD patterns of the samples corroded
for 4 h, 12 h, and 24 h, respectively. For comparison, an XRD pattern ob-
tained from the as-deposited YSZ sample is also included in Fig. 4(a). It
can be seen from Fig. 4(a) that the as-deposited YSZ layer mainly con-
sists of c-ZrO2 (Fm3m space group, a = 0.513 nm) with minor t-ZrO2

(P42/nmc space group, a = 0.364 nm and c = 0.527 nm). It can be
noted that the (200) peak shows much stronger intensity than the
(111) peak, suggesting that the sample has a (200) textured structure.
After the VA-corrosion for 4 h, some new diffraction peaks associated
with ZrSiO4 (I41/amd,a0 = 0.659 nm,b0 = 0.594 nm) become visible.
The ZrSiO4 phase is also found for the 12-h corroded and 24-h corroded
samples. The zoomed-in XRD peak at about 35° in the upper-right cor-
ner of Fig. 4(a) shows more clearly the gradual increase of the t-ZrO2

and ZrSiO4 phases in the samples corroded for 4 h, 12 h, and 24 h.
Fig. 4. (a) XRD patterns of the as-deposited YSZ and the YSZ sample corroded bymolten VA at 1
the sample corroded for 24 h, where the depths of 0 μm,−50 μm and−100 μm correspond to
Fig. 4(b) displays depth-resolved XRD patterns obtained from the sam-
ple corroded for 24 h, where the depths of 0 μm,−50 μmand−100 μm
correspond to the coating surface, the middle of the YSZ layer, and the
YSZ/Al2O3 interface, respectively. It can be seen that the corroded sam-
ple remains c-ZrO2 and t-ZrO2 in the middle of the coating. However,
there is a significant presence of ZrSiO4 at the top surface and of α-
Al2O3 at the YSZ/Al2O3 interface. Theα-Al2O3 phase at the YSZ/Al2O3 in-
terfacemay come from the alumina substrate. Therefore, the above XRD
analyses reveal that VA has reacted with the YSZ to form ZrSiO4 at the
surface region. TheXRDanalyses also indicate that there is nomonoclin-
ic zirconia (m-ZrO2) formation in the VA-corroded samples, which was
found in the TBC system with CMAS corrosion [21].

When TBCs are corroded, the formation of m-ZrO2 is often con-
sidered as one of the key factors leading to the coating failure since
the t-ZrO2 → m-ZrO2 transformation is accompanied by 3–5% volume
expansion [31–32]. However, if there is low amount of m-ZrO2 in the
TBC system, it may not be detected by XRD analysis. In order to further
confirm the absence of the m-ZrO2 phase in the VA-corroded samples,
the samples are characterized by Raman spectroscopy since it is more
sensitive thanXRD for detectingm-ZrO2. Fig. 5 shows theRaman spectra
obtained from the sample that is corroded at 1150 °C for 24 h,where the
spectra are taken from the top ceramic layer (YSZ) and theYSZ/Al2O3 in-
terface, respectively. For comparison, the standard Raman spectra of m-
ZrO2 and t-ZrO2 are also included in Fig. 5. It can be seen from the spec-
tra that the VA-corroded sample shows a typical Raman spectrum peak
of t-ZrO2 at about 280 cm−1 and there is no presence of the characteris-
tic peak around 200 cm−1 ofm-ZrO2 asmarked in Fig. 5 [21]. The c-ZrO2

is not characterized by Raman spectra since its Raman spectral pattern is
not particularly distinct (only a board peak at about 530–670 cm−1)
150 °C for 4 h, 12 h and 24 h, respectively; (b) depth-resolved XRD patterns obtained from
the coating surface, the middle of the YSZ layer, and the YSZ/Al2O3 interface, respectively.



Fig. 5. Raman Spectra of the sample corroded bymolten VA at 1150 °C for 24 h, where the
spectra are taken from the top ceramic layer (YSZ) in the regions about 5 μm down from
the surface and the YSZ/Al2O3 interface, respectively; and the standard Raman Spectra of
m-ZrO2 and t-ZrO2 are also included for comparison.
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[33]. Therefore, the Raman spectroscopy results further confirm that
there is no destructive m-ZrO2 phase in the corroded TBCs although
the YSZ layer obviously displays densification and morphological
changes as observed from the SEM characterization (in Fig. 2).

3.1.3. TEM characterization
In order to further reveal the feature of the VA-corrosion induced

microstructure development in the TBC layer, the as-deposited and
VA-corroded samples are examined by TEM. Fig. 6(a) displays a
bright-field (BF) TEM image of the as-deposited sample. The columnar
grains in the YSZ layer have the characteristic “feathery” structure,
similar to that previously described in the literature [34]. Insert in
Fig. 6(a) is a selected area electron diffraction (SAED) pattern taken
from the marked white square region, which can be well-indexed
with the c-ZrO2 structure [30]. EDS analysis of the YSZ layer shows
that the Y:Zr atomic ratio is about 10.00:90.00 as shown in Table 2.

Fig. 6(b) displays a typical BF TEM image from the middle region of
the YSZ coating corroded with VA for 24 h. Comparing with the as-
deposited sample, it can be seen that the characteristic “feathery” struc-
tures at the tips of theYSZ columnar grains disappeared.Meanwhile, the
intercolumnar gaps are now fully filled by VA deposits, which show
much brighter contrast than the surrounding YSZ columnar grains.
Fig. 6. (a) BF TEM image of the as-deposited sample, where a SAED taken from the white squa
TEM image from themiddle region of the sample corroded with VA at 1150 °C for 24 h, where
depositions remain amorphous; (c) BF TEM image from the surface region of the YSZ coating, w
ZrSiO4 phase formed in between columnar gaps.
EDS analyses of these bright depositions as marked by a black arrow
in Fig. 6(b) show that the depositions mainly consist of Si, Al and Ca
(Table 2). The Si content is a little lower while the Al content is slightly
higher than those of the un-reacted VA. The SAED (inset of Fig. 6(b)) ob-
tained from the bright deposition regions marked by the black arrow
produces diffuse ring diffraction patterns, confirming that the VA depo-
sitions remain amorphous. The EDS analysis indicates that the Y:Zr
atomic ratio in the YSZ region marked by a white square in Fig. 6(b) is
about 9.20:90.80, (Table 2), indicating a slight decrease in the Y content
compared with the as-prepared YSZ.

Fig. 6(c) shows a BF TEM image taken from the surface region of
the YSZ coating. The ceramic layer is corroded with the formation of
VA depositions in the intercolumnar gaps. EDS analysis of the top
layer of the YSZ coating (as marked by a white square in Fig. 6(c))
gives a Y:Zr ratio of ~10.70:89.30 as shown in Table 2, which is almost
the same as that of the as-prepared YSZ. EDS composition analysis of
the bright deposition (at the top layer of YSZ) marked by the black
star in Fig. 6(c) shows the presence of Si, Al, Ca, Mg and a little Fe as
shown in Table 2, where the Si and Al contents are higher than the
other elements, while the Ca and Mg contents are lower than those of
the original VA. The SAED of the bright deposition regions reveals the
typical diffuse rings for an amorphous material (the SAED pattern is
not displayed here). In addition, the SAED analyses reveal the presence
of the ZrSiO4 phase with a lateral size of over 1000 nm in between
columnar gaps. Inset is an SAED of the ZrSiO4 phase obtained from the
region marked by a black circle shown in Fig. 6(c). Indexing of the
diffraction pattern matches well with the crystal structure of ZrSiO4.
This is in accordance with the XRD data, which shows the signifi-
cant presence of ZrSiO4 in the surface region of the corroded sample
(i.e., Fig. 4(b)).

Fig. 7 shows BF TEM images from the interface region between the
YSZ layer and the Al2O3 substrate. It can be seen that the original co-
lumnar grain structure in the YSZ ceramic layer has transformed into
a particulate morphology with significant voids in the YSZ bottom
layer and gaps at the YSZ/Al2O3 interface, which are filled with VA
depositions. EDS analysis of the area marked by a white square
shows that the Y:Zr atomic ratio at the YSZ/Al2O3 interface is
13.68:82.25 (Table 2), indicating an increase of the Y content com-
pared with the as-deposited YSZ sample. EDS analyses show that
the region marked by the white triangle in Fig. 7 mainly consists of
Al2O3 with the presence of Si and Ca, while the white-circle marked
region only consists of Al2O3. It can be noted from the EDS analysis
that the bright-contrast VA-deposition region (at the YSZ/Al2O3 in-
terface marked by a black arrow) mainly consists of Si, Al, Ca
(Table 2), where the Si content is lower while Al and Ca contents
are higher than those of the un-reacted VA. Moreover, the Si:Al:Ca
re region confirms that the as-deposited YSZ mainly consists of the cubic structure; (b) BF
a SAED obtained from the bright deposition marked by a black arrow confirms that the VA
here a SAED obtained from the region marked by a black circle reveals the presence of the



Table 2
Chemical compositions of constituents in the regions of the interacting TBC–VA system. Values are given in mol%.

Region Constituent (mol%) SiO2 AlO1.5 CaO MgO FeO NaO0.5 KO0.5 YO1.5 ZrO2

Original VA 51.41 13.56 10.17 4.52 10.17 7.90 2.26
As-deposited Zirconia 10.0 90.0
Top layer of YSZ Deposition 70.10 21.32 4.08 3.30 1.21
Top layer of YSZ Zirconia 10.70 89.30
Middle layer of YSZ Deposition 52.47 35.05 12.47
Middle layer of YSZ Zirconia 9.20 90.80
YSZ/Al2O3 interface Deposition 43.15 38.88 17.80 0.17
YSZ/Al2O3 interface Zirconia 13.68 82.25
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atomic ratio is close to that of CaAl2Si2O8. Inset is an SAED pattern
from the bright deposition marked by the black arrow, which can
be indexed well with the crystal structure of CaAl2Si2O8 (named an-
orthite). The anorthite phase is not observed in the XRD patterns as
shown in Fig. 4, probably due to the small amount of the anorthite
phase formed in the YSZ/Al2O3 interface region. In addition, it is
noted that there is a long and multiple-segmented crack formed in
this interface region. The consecutive TEM images shown in
Fig. 7(a–c) are taken along the propagation path of the crack. It can
be seen that the crack starts from the anorthite region at the YSZ/
Al2O3 interface (Fig. 7(a)), and then propagates into the alumina
Fig. 7. BF TEM images taken from the interface region between the YSZ layer and the Al2O3 sub
indexed well with the crystal structure of CaAl2Si2O8: (a–c) showing the consecutive propag
precipitate.
substrate along the Al2O3 grain boundary (Fig. 7(b)), and ends in
the Al2O3 substrate (Fig. 7(c)). Fig. 7(c) also shows that there is VA
deposition at the end of the crack, suggesting that molten VA diffuses
through the long crack and becomes internal precipitates inside the
alumina substrate. The observed anorthite precipitate at the end of the
crack also serves as clear evidence that the crack is a real microstructure
feature induced by the anorthite formation rather than an artifact from
the TEM specimen preparation process. This observation also reveals
that the crack generated by anorthite precipitates can propagate progres-
sively for a long path (N several μm) along the grain boundary in the alu-
mina substrate, which may initiate the spallation at the YSZ/Al2O3
strate, where an SAED pattern from the bright deposition as marked by the black arrow is
ation path of the crack; (d) similar cracks are observed in another region with anorthite
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interface and thus the failure of the TBCs. This is further confirmed by the
presence of similar cracks associated with anorthite precipitates in other
regions as shown in Fig. 7(d).

3.2. Discussion

When the TBCs are corroded by the molten VA, columnar grains
undergo grain growth at the high temperature, which results in well-
connected columnar grains along the YSZ deposition direction. Mean-
while, themolten VA infiltrates the YSZ layer through the gaps between
columnar grains. ZrSiO4 forms in the top of the YSZ, while anorthite
(CaAl2Si2O8) forms in the YSZ/Al2O3 interface region. The different cor-
rosion features along the YSZ thickness directionmay be related to their
local chemical environments.

Fig. 8(a) is a schematic summary of the microstructure feature of
the VA-corroded YSZ. ZrSiO4 forms at the top surface of the ceramic
layer. The reaction in the binary ZrO2–SiO2 system is sluggish at the
present corrosion temperature (1150°) [35]. ZrSiO4 formation observed
heremay be related to the Y-rich environments [25]. TheY:Zr atomic ra-
tios in the corroded YSZ layer are higher than that of the as-deposited
sample as shown in Table 2. The increasing Y content indicates that
VA corrosion may induce Y-enrichment around the intercolumnar
gaps. On the other hand, the compositions of the VA depositions depend
on the VA infiltration depth along the corroded YSZ layer as shown in
Table 2. The Si content is higher than the original VA at the top ceramic.
From the top surface through the YSZ layer to the YSZ/Al2O3 interface,
the Si content decreases gradually, indicating that Si mainly enriches
at the top ceramic. During VA corrosion, Y2O3 (that forms solid solution
with ZrO2) in the YSZ layer may be dissolved into the molten VA. The
Y2O3-rich environment in themolten VAmay enhance the chemical in-
teraction between ZrO2 and SiO2. As a result, the reaction of Zr-Si-O in
the molten VA leads to the precipitation of ZrSiO4 at the top of the ce-
ramic layer at 1150 °C.

In the YSZ/Al2O3 interface region, a new phase, anorthite
(CaAl2Si2O8), is formed, as schematically shown in Fig. 8(a). The anor-
thite formation can be related to the Al-rich and Ca-rich environment
in the interface region. As shown in Table 2, both the Al and Ca contents
increase from the surface region to the YSZ/Al2O3 interface and reach
the maximum at the YSZ/Al2O3 interface region. The Al content in the
YSZ/Al2O3 interface is higher than that of the original VA. Both Al-rich
and Ca-rich environments are mandatory for the anorthite formation
[21,36], which can be obtained at the YSZ/Al2O3 interface due to the
supply of Al from the alumina substrate. Therefore, the VA remains an
amorphous state in the top surface and in the middle of the YSZ layer,
Fig. 8. (a) Schematic illustration of the microstructure feature of the VA-corroded YSZ; (b) Sche
and propagating along the grain boundary in the alumina substrate.
while the mixture of CaO and SiO2 in the molten VA arriving at the
YSZ/Al2O3 interface reacts with the alumina substrate to form anorthite
in the YSZ/Al2O3 interface region.

As shown in Fig. 8(b), a crack appears in the anorthite region of
the YSZ/Al2O3 interface and propagates along the grain boundary in
the Al2O3 substrate. The crack may be mainly caused by the growth
stress of anorthite that precipitates at the YSZ/Al2O3 interface due to
the Al-rich environment there. The anorthite growth requires the
supply of Ca and Si from the molten VA and Al from the alumina sub-
strate. By considering the difference in the specific densities of anorthite
(2.6–2.76 g/cm3), VA (2.69 g/cm3) [37], the formation of the anorthite
phase in the interface region is accompanied with a volume expansion
that results in compressive stresses in the anorthite precipitates and at
the YSZ/Al2O3 due to their molar volume mismatch, which may drive
the formation of cracks in the interface region. On the other hand, the
thermal expansion coefficient of anorthite (5.0 ppm/°C) is smaller
than those of ZrO2 (11.0 ppm/°C) andAl2O3 (8.0 ppm/°C). Their thermal
expansion mismatch also induces the thermal stress in the interface re-
gion during TBCs cooling. However, as shown in Fig. 7(c), it can be seen
that some anorthite depositions have penetrated and gathered at the
end of the crack, indicating that the crack has already formed at the
high temperature and its formation is caused by the growth stresses,
rather than the thermal stress. Therefore, VA-penetration induced anor-
thite formation has deleterious effects on the durability of the TBCs,
which may potentially lead to the YSZ/Al2O3 interfacial delamination
as a result of the growth stresses accumulated at the interfacial area.
The YSZ/TGO interfacial failure observed from our experiments is
caused by the thermo/chemo-mechanical coupling effects. While we
do not have a practical way to overcome this interfacial cracking issue,
depositing an extra coating capable of resisting the VA infiltration may
be an option as suggested by Drexler et al. [38].

4. Conclusion

In summary, the microstructure and composition evolution of
the VA-corroded YSZ is studied in detail on the basis of SEM, XRD,
TEM and Raman spectroscopy data. It is found that the VA penetrates
through the entire YSZ layer and further infiltrates into the alumina sub-
strate. The VA-penetration induced depth-dependent chemical envi-
ronment in the YSZ layer results in the depth-dependent reaction
products: ZrSiO4 forms near the top surface region of the YSZ layer
owing to its Y2O3-rich environment, amorphous VA fully fills the
intercolumnar gaps in the middle of the YSZ layer. The anorthite
phase precipitates around the YSZ/Al2O3 interface region due to the
matic illustration of a crack appearing in the anorthite region near the YSZ/Al2O3 interface
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Al-rich and Ca-rich environments, which are mandatory for anorthite
formation. The molar volume mismatch between anorthite, ZrO2, and
Al2O3 induces the crack formation that further propagates into the alu-
mina substrate along the Al2O3 grain boundaries. The anorthite induced
crack formation may initiate the exfoliation of the YSZ coating at the
YSZ/Al2O3 region. These results provide mechanistic insight into under-
standing the failure mechanisms of TBCs under service conditions.
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