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Thermal barrier coatings (TBCs), such as 7–8 wt.% yttria stabilized zirconia (YSZ), are widely used to reduce the
temperature of coated materials. However, when a turbine operates in a harsh environment, for example a vol-
canic ash attack, sand and ash particles ingested by the engine could be deposited on the TBC surfaces as molten
calcium-magnesium-alumino-silicate (CMAS). CMAS melts and penetrates into TBCs at high temperatures,
which causes a loss of strain tolerance and results in the premature failure of the top coat. It is recognized that
the formation of CMAS is inevitable due to exposing the turbine to sand and ash; therefore, CMASmitigation so-
lutions are among the top challenges formaterials scientists. To someextent, CMAS is the biggestweakness of the
traditional 7-8YSZ TBC material. The thermochemical interactions between YSZ and real volcanic ash are inves-
tigated in this paper as ameans to alleviate the volcanic ash attack by understanding the underlyingmechanisms.
7YSZ, 0.5Gd-8YSZ and 3Er-7YSZ powders and free-standing plates were prepared, respectively. The effect of the
volcanic ash on the three different sampleswas investigated using anX-ray diffraction, scanning electronmicros-
copy, a scanning transmission electron microscopy, and a differential scanning calorimetry. The phase transfor-
mations and reaction of TBCs materials subjected to a volcanic ash attack were examined and the volcanic ash
degradation and mitigation mechanisms were discussed. It was found that rare earth-doped YSZ samples suf-
fered less damage from the volcanic ash attack than the standard 7YSZ. The results demonstrate that rare
earth-doped YSZ may be effectively utilized to mitigate a volcanic ash attack.

© 2016 Published by Elsevier B.V.pac
e.i

m
ec
Keywords:
Thermal barrier coatings
Rare earth-doped YSZ
Volcanic ash
CMAS
s

1. Introduction

The thrust and fuel efficiency of jet engines are directly related to the
temperature of the gas entering the turbine section [1]. The develop-
ment of civilian engine technology has led to an increasing interest in
introducingmaterials capable of operating at higher temperatures to in-
crease engine efficiency. This demand has been partially fulfilled by ad-
vancing superalloy technology. Jet engines have benefited from decades
of development of nickel-based superalloys [2], which have enabled a
steady increase in engine operating temperatures and led to improved
performance and efficiency. However, restricted by themelting temper-
atures of superalloys, operating temperatures are now reaching their
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limit. Thermal barrier coatings (TBCs) are used to meet the demand
and protect turbine engines from thermally-induced damage. TBCs are
a complex system of coatings with many different functions [3]. The
typical structure of TBCs consists of four layers, including a ceramic
top coat, thermally-grown oxide, a bonding coat, and a superalloy sub-
strate. 7–8 wt.% yttria stabilized zirconia (7-8YSZ) has been used as a
top coatmaterial for decades [2]. Thismaterial has gained popularity be-
cause it has an extremely low thermal conductivity, high toughness
value, and a relatively high thermal expansion coefficient which better
matches a metallic substrate. The further enhancement of energy effi-
ciency, the thrust-to-weight ratio and durability of gas turbine engines
depend on the further improvement of TBCs [4].

The TBCs system could fail inmany differentways [5], being exposed
to extreme stress and a thermal environment. These failures are likely to
occur at the thermally-grown oxide interface with the bond coat or the
top coat. Damage can also come from the stress induced by a thermal
expansionmismatch between the underlying substrate and the ceramic
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Table 1
Compositions of the samples studied.

Sample ID 7YSZ 3Er-7YSZ 0.5Gd-8YSZ

Composition
(wt.%)

7%Y2O3-93%ZrO2 3%Er2O3-97%(7YSZ) 0.5%Gd2O3-99.5%(8YSZ)
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top coat. Damage from the ingestion of foreign objects also threatens
the integrity of the ceramic top coat. Thus, it is paramount to understand
these various degradation mechanisms and their effect on the overall
lifetime of TBCs. However, with increasing operating temperatures,
TBCs are facing new challenges, such as when the turbine operates
in a severe environment, sand and ash particles ingested by the engine
could be deposited on the TBCs surface as molten calcium-magnesium-
alumino-silicate (CMAS) [6] and result in the degradation of the ceramic
coating.

In the early 1990s, it was observed that engine failure occurred near
volcanic dust clouds or in desert areas that had large amounts of air-
borne sand or ash. Engine failure was identified as the result of crusty
deposits that formed on the inside of the engine [7,8]. CMAS melts
and penetrates into the TBCs at high temperatures, causing the loss of
strain tolerance and spallation failure of the coatings. The molten
CMAS can chemically dissolve the coating material, which is usually
followed by the precipitation of a modified oxide. Yttria diffuses out
from the top coat into the molten CMAS resulting in a tetragonal to
the monoclinic phase transformation in the YSZ [9]. Since all prospec-
tive TBCs have to be porous to render their strain tolerance andmost sil-
icate deposits melt at around 1200 °C, any increase in the operating
temperature to enhance the turbine efficiencywould require finding so-
lutions to the CMAS problem [6]. Krämer et al. found that the wetting of
CMAS on TBCs can start within seconds at 1300 °C [9]; nevertheless, no
oxide layer was detected at the bonding interface in such a short time
[10]. Therefore, CMAS wetting and penetration can be expected to hap-
pen within a short time at temperatures above or in the CMAS melting
range. CMAS mitigation solutions are in need of critical development
and this will continue to challenge materials scientists. To some extent,
CMAS is the biggestweakness of TBCs [11]. Two of the typical numerous
CMAS mitigation strategies for the YSZ top coat that have been pro-
posed in the literature entail i) the deposition of a protective coating
on the surface of the top coat, or the incorporation of sacrificial mate-
rials, such as depositing a dense, non-cracked and non-porous ceramic,
ormetal impermeable or non-wetting outer layer to inhabit the infiltra-
tion of molten CMAS [12]; ii) the replacement of 7-8YSZ by rare-earth
zirconates or low thermal conductivity rare-earth oxides [6,13]. Rare
earth zirconates generally offer lower thermal conductivity and en-
hanced sintering resistance relative to t′-YSZ, although there are some
concerns about their lower level of toughness [6,14]. However, most
rare earth oxides are polymorphic at elevated temperatures and this
phase transformation affects their ability to resist a thermal shock to
some extent [15]. When engineering TBCs, the materials need to have
a set of properties to form a useful top coat, i.e. low thermal conductiv-
ity, phased stability through a high temperature range, chemical stabil-
ity, and a coefficient of thermal expansion match. However, satisfying
all of these requirements can be conflicting; therefore, it is essential to
understand the complex thermochemical reactions between CMAS
and YSZ in order to develop alternative coating compositions, designed
to mitigate CMAS-induced degradation.

Its impact on air traffic can be well demonstrated by the eruption of
Iceland's Eyjafjallajokull volcano in 2010, which caused thousands of
flights to be canceled and resulted in a 1.7 billion dollar economic loss
[16].With 50–70 volcanic eruptions every year, volcanic ash is expected
to impact more aero-engines in the future [17]. If the aircraft has trav-
eled through the path of volcanic plumes, these particles will cause se-
vere degradation to the components of the turbine engine. It is
recognized that low level exposure to volcanic ash in the atmosphere
is probably inevitable and volcanic ash damages engine components
and can thus lead to engine failures [17]. The attack of degradation
mechanisms on TBCs induced by molten VA is somewhat similar to
that responsible for CMAS degradation. The exposure of aircraft engines
to VA can have a significant impact on engine performance, flight safety
and maintenance costs. However, it is clear that the long term effects of
CMAS-type contaminants on the thermomechanical performance of
TBCs is yet to be fully determined and it is crucial to understand these
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effects on the development of next generation TBCs to ensure that
they can better resist a VA attack.

The focus of this paper is the interaction of 7YSZ and rare earth
oxide-doped YSZ with volcanic ash. The phase transformations and
chemical reaction of TBC materials subjected to a volcanic ash attack
are examined, and the VA degradation and mitigation mechanisms are
discussed. It is found that rare earth oxide-doped YSZ may be effective
in mitigating a volcanic ash attack.

2. Experimental procedure

2.1. Preparation of volcanic ash and TBCs materials

The volcanic ash utilized in this study was obtained from the March
10th 2009 eruption of Sakurajima volcano, KagoshimaPrefecture, Japan.
The ashwas collected near the Furusato hot spring, approximately 5 km
from the eruption center. The ash was ball milled and then screened
using a 500-mesh sieve. A small amount of rare earth oxide-doped
YSZ (3Er-7YSZ, 0.5Gd-8YSZ) and 7YSZ ceramic plates machined from
the ingot were used to resemble the TBCs top coat. Both YSZ and rare
earth oxide-doped YSZ materials were obtained from ingots used for
EB-PVD coating and machined to plate-like structures. The three sam-
ples studied here and their composition are listed in Table 1.

2.2. Heat treatment

The interaction between the VA and ceramicmaterials was conduct-
ed by heat treatment performed in a box furnace. The VA was evenly
placed on the surface of the ceramic plateswith a loading concentration
of about 20 mg/cm2 first, which was subsequently heat treated at
1250 °C for 5 h, well above the measured melting temperature of VA.
When the furnace reached 1250 °C, the samples were inserted and
held for 5 h, followed by natural cooling to room temperature inside
the furnace, which is preferable for minimizing the temperature
ramp-up time.Meanwhile, the VAwas alsomixedwith different ceram-
ic powders with a weight ratio of 1:1, representative of the situation
within TBCs pores or channels where the melt is surrounded by a
large amount of ceramics. The mixture was then transferred to cruci-
bles, which were placed in the furnace and treated under the same
conditions.

2.3. Characterization

Particle size distributions of VA were obtained using a particle-size
analyzer (Mastersizer 2000, Malvern Instruments, UK). In order to
study the high temperature interactions between the VA and TBCs, the
composition of the VA was measured by X-ray fluorescence (XRF) and
its crystallinity was measured using X-ray diffraction (XRD).

Differential scanning calorimetry (DSC) was used to study the onset
of the phase transformation, melting and reactions between the VA and
as-prepared ceramics. The experiment was undertaken using a Netzsch
404F3 instrument and Pt-Rh crucibles with pierced lids for enhanced
detection sensitivity. Pt-Rh crucibles were utilized instead of alumina
types to ensure the minimum reaction between the crucible and the
samples. The crucibleswere rested on thin Al2O3washers to prevent ad-
hesion to the instrument stage at high temperatures. With respect to
the temperature profile, the samples were heated from room tempera-
ture to 1400 °C at a heating rate of 10 °C per minute, followed by a 10-
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Fig. 1. Particle size distributions of sieved VA powders.
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Fig. 2. XRD pattern of VA.
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minute hold at the peak temperature, before being cooled down to
room temperature at a controlled rate of 10 °C per minute between
1400 °C and 200 °C. The atmosphere in the chamber was kept under
argon (Ar) gas throughout the entire analysis. The volcanic ash alone,
and VA-ceramics mixtures were analyzed and 30 mg of the sample
was used for each measurement, while the mixed powder samples
were prepared in a 1:1 weight ratio (i.e. 15 mg each).

Plate samples obtained after the heat-treatment in the box furnace
were mounted vertically in epoxy so that a cross-sectional image of
the ceramic plates could be obtained. The cross-section of samples
were polished using standard metallographic techniques. The depth of
penetration was determined using a scanning electron microscopy
(JSM-7500F FE-SEM) equipped with an energy-dispersive X-ray spec-
troscopy (EDX) detector. The porosity (void fraction) of each sample
was observed and calculated using the “Digital Micrographic” program.
Porosity measurements of the samples were performed on 5 different
areas and calculated as the average of these 5 values. The porosity
(void fraction) values of 7YSZ, 3Er-7YSZ and 0.5Gd-8YSZ were
12.75% ± 0.53%, 15.31% ± 0.48% and 14.63% ± 0.62%, respectively.

The phased composition of TBC ceramics powders and 1:1 (by
weight) mixtures of the VA and ceramic powders after heat-treatment
at 1250 °C for 5 h were analyzed using XRD with Cu-Kα (λ =
0.15406 nm) radiation at a scan rate of 3.5°/min. The VA-corroded pow-
der samples were examined in order to further reveal the feature of the
VA-induced phase transformation and chemical reaction in the as-
prepared ceramic materials, using a scanning transmission electron mi-
croscopy (STEM) equipped with an energy dispersive spectroscopy
(EDS) detector.

3. Results

3.1. Characterization of volcanic ash

The particle size distributions of sieved VA powder are shown in
Fig. 1. The as-prepared VA powder shows a continuous grain size distri-
bution from 1 μm to 35 μm, and d10, d50, d90 (i.e. 10%, 50% and 90%)
values of approximately 5.65 μm, 12.98 μm, 26.65 μm respectively. The
compositions of the volcanic ash which was analyzed with XRF are
given in Table 2 [16]. Ca, Mg, Al, Si, Fe, K and Ti were found in the volca-
nic ash, similar to the volcanic ash compositions in Iceland's
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Table 2
Composition of volcanic ash measured by XRF (at.%) [15].

Element Si Al Fe Ca Mg

Volcanic ash 35.44 10.27 9.46 6.39 4.02
Eyjafjallajokull reported by Mechnich et al. [18]. VA has a composition
similar to CMAS, but with a lower melting temperature. Fig. 2 shows
the XRD analytical results of the volcanic ash, which indicated the exis-
tence of crystalline peaks. Themajority of these peakswere identified as
SiO2, anorthite sodian (Al1.52Ca0.52Na0.48Si2.48O8) and pigeonite
(Fe1.04Mg0.78Ca0.18Si2O6). However, the K and Ti phases were not de-
tected, possibly due to their low concentration and the complexity of
the XRD pattern.

A DSC analysis was performed to determine the onset melting tem-
peratures of the volcanic ash and theVAmixedwith the as-prepared ce-
ramic powders as shown in Fig. 3. In Fig. 3(a), a change in the slope is
observed at 1062.7 °C representing the onset of melting, while peak
melting occurs at around 1168.2 °C. When the temperature is higher
than 1062.7 °C, volcanic ash is expected to melt and penetrate the coat-
ing, which threatens the structural integrity of TBCs. It should be noted
that the melting range mentioned above depends on the chemistry of
the volcanic ash, which tends to vary geographically.

The relevant transformation temperatures taken from DSC scans are
summarized in Table 3. Compared to the VA, the temperatures of the
melting peak in the VA-7YSZ sample shifted to lower values, with the
onset depressed by 14.1 °C and the peak by 22.1 °C. However, the melt-
ing temperature increased slightly in the case of the rare earth-doped
samples. The melting ranges decreased slightly relative to the VA.

3.2. Penetration of volcanic ash in 7YSZ and rare earth-doped YSZ plates

The cross-sectional micro-graphs and EDX mapping of the as-
prepared ceramic samples with volcanic ash deposits after heat treat-
ment at 1250 °C for 5 h are shown in Fig. 4. Zr, Si, Y, Gd, and Er were de-
tected in the EDXmapping, where Zr and Siwere originally only present
in the as-prepared ceramics and VA, respectively. The presence and dis-
tribution of Si through the coating cross-section suggest that the VA had
penetrated the ceramic plates. The comparison of the thickness of the
interactive layers of the samples during heat treatment is depicted in
Table 4. The interactive layer was measured by taking the average of
the penetration depth from areas where VA deposition was clearly vis-
ible. After the heat treatment, the penetration depth of the 7YSZ sample
was about 322.5 ± 26.6 μm. In contrast, the volcanic ash interactive re-
gion in the samples of 3Er-7YSZ and 0.5Gd-8YSZ only approached a
thickness of 86.0 ± 35.0 μm and 108.2 ± 20.2 μm, respectively. The
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Fig. 3. DSC pattern of VA, VA mixed with 50% 3Er-7YSZ, 50% 0.5Gd-8YSZ and 50% 7YSZ, respectively.

Table 3
A summary of relevant temperatures taken from DSC scans (°C).

Sample ID VA 7YSZ 0.5Gd-8YSZ 3Er-7YSZ

Onset 1062.7 1048.6 1066.1 1089.3
Peak 1168.2 1146.1 1170.4 1186.4
End 1249.8 1225.5 1245.7 1263.1
Melting range 187.1 176.9 179.6 173.8

537J. Xia et al. / Surface & Coatings Technology 307 (2016) 534–541

e.
ch

.ac
.cn
SEM and EDX analysis results of the new ceramics showed that 3 wt.%
Er2O3 and 0.5wt.% Gd2O3 additionsmake YSZmore resistant to VA pen-
etration than the standard 7YSZ. It could be seen that 7YSZ showed a
relatively poor ability to combat volcanic ash penetration.

ac
Fig. 4. The cross-sectional micro-graphs and EDX mapping of (a) 7YSZ, (b) 0.5Gd-8YSZ and
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3.3. Volcanic ash interaction with 7YSZ and rare earth-doped powders

The X-ray diffraction patterns of the as-prepared ceramics are
shown in Fig. 5(a). The 7YSZ is composed of non-transformable tetrag-
onal (t′) phase zirconia, which is the desirable ZrO2 phase for TBCs and
is in agreement with the expected composition according to the Y2O3-
ZrO2 phase diagram [19]. The XRD patterns of VA-loaded ceramic sam-
ples after heat treatment at 1250 °C for 5 h are shown in Fig. 5(b). The
XRD diffraction pattern contains the same ZrSiO4 and unreacted t′-
ZrO2 peaks in the heat treated samples of VA separately mixed with
0.5Gd-8YSZ and 3Er-7YSZ powders, onlywith different peak intensities.
However, the rare earth phase was not detected possibly due to its low
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(c) 3Er-7YSZ samples with volcanic ash deposits after heat treatment at 1250 °C for 5 h.



Table 4
A summary of penetration depth results and melting temperatures for each sample.

Sample ID Atomic ratio Melting temperature (°C) Penetration depth (μm)

7YSZ 0.0822 1146.1 322.5 ± 26.6
0.5Gd-8YSZ 0.0988 1170.4 108.2 ± 20.2
3Er-7YSZ 0.1035 1186.4 86.0 ± 35.0
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concentration. The presence of unreacted t′-ZrO2 was also observed in
the heat treated VA–7YSZ sample.Moreover, the presence of a consider-
able number of ZrSiO4 XRD peaks in the heated treated VA-7YSZ re-
vealed significant thermochemical degradation by the VA. It should be
noted that a significant phase transformation to a monoclinic zirconia
(m-ZrO2) phase was only observed in the 7YSZ mixed with VA and
peaks corresponding to crystalline VA were not detected among all
the samples.

In order to examine the interaction of VA and the as-prepared ce-
ramics inmore detail, investigations by STEM and selected area electron
diffraction (SAED) were carried out on VA-degraded ceramic samples
prepared in powder form. STEM images are shown in Fig. 6, and the
EDS mapping of the original 7YSZ powders in Fig. 6(a) and Fig. 6(b),
Fig. 5. XRD pattern of (a) as-prepared ceramics and (b) VA/as-pr

Fig. 6. (a) STEM images, (b) Y, (c) Zr and (d) O EDS map of the original
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(c), (d), and the SADP of the area A as marked in Fig. 6(a) is shown in
Fig. 6(e). The primary crystalline phases in this region are made of t′-
ZrO2, as can be seen from the EDS spectrum in Fig. 6(e). These observa-
tions are consistentwith the XRD results in Fig. 5(a). The STEMwas per-
formed on the reactive products between the 7YSZ and VA powders
after heat treatment at 1250 °C for 5 h, as shown in Fig. 7; ZrSiO4

(Fig. 7(b) and (c)) and m-ZrO2 (Fig. 7(d) and (e)) were present. These
observations are also consistent with the XRD results in Fig. 5(b).
Glass (Fig. 7(f) and (g)) was found in area C as marked in Fig. 6(a),
which was the unreacted VA. The STEM images of 3Er-7YSZ/VA pow-
ders after heat treatment at 1250 °C for 5 h are shown in Fig. 8, the
EDS maps in Fig. 8(b) to (f) and EDS spectra corresponding to area A,
B and C, respectively, in Fig. 8(g) to (i). However, the rare earth phases
supposed to be present in the reactive products was not observed in the
STEM, probably due to its low concentration.

n

4. Discussion

The detailed analyses of the reaction between the as-prepared ce-
ramics and VA will be discussed in this section. Fig. 5(a) confirmed
that the t′-ZrO2 was the major phase in the as-prepared ceramic.ac

.

epared ceramics mixture after heat treatment at 1250 °C-5 h.

7YSZ powders, (e) SADP of area A and (f) EDS spectrum in area A.
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Fig. 7. STEM micro-graph of 7YSZ/VA powders after heat treatment at 1250 °C for 5 h: (a) detailed micrograph of reaction powders, (b) SADP of area A and (c) EDS spectrum in area A,
(d) SADP of area B and (e) EDS spectrum in area B, (f) SADP of area C and (g) EDS spectrum in area C.
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powder. However, the XRD patterns in Fig. 5(b) and SADP in Fig. 7 indi-
cated that phase transformations of t′-ZrO2 to m-ZrO2 clearly occurred
in the 7YSZ ceramic after it was subjected to VA. Itwas previously deter-
mined that the total volumetric change of zirconia during the transfor-
mation from tetragonal to monoclinic is about 4–5% [20], and the
occurrence of such an internal volume change would induce an
Fig. 8. (a) STEM images, (b) to (f) EDS mapping of 3Er-7YSZ/VA powders after heat treat
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associated increase in residual stress, which may cause micro-cracking
and damage the mechanical properties of the coating. Although yttria
stabilization can minimize this phase transformation effect in most op-
erating conditions, the extended exposure to CMAS at a high tempera-
ture caused the yttria to be diffused out of the stabilized tetragonal
phase, making it prone to phase transformation [9,16,21]. As shown in

ec
h

ment at 1250 °C for 5 h and (g) to (i) EDS spectrum in area A, B and C respectively.
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the previous study, YSZ was susceptible to CMAS at a high temperature
because of the Y2O3 that leaked from the ZrO2 [16], which lead to a
phase transformation. The present study found a similar result when
using volcanic ash subjected to a high temperature of 1250 °C. 7YSZ
was found to have little resistance to VA penetration, which is consis-
tent with what others have observed in CMAS [9,22]. In the present ex-
periments, a significant phase transformation to m-ZrO2 phase was not
detected in the rare earth-doped samples. The addition of a small
amount of rare earth oxide to YSZ resulted in a stable microstructure
and t′-ZrO2 phase under VA corrosion. The combination of the STEM/
EDS and XRD results confirmed that rare earth-doped YSZ is resistant
to phase transformation. Under the same experimental conditions, the
extent of the phase transformation of the 7YSZ was more than rare
earth-doped YSZ, revealing that the rare earth-doped YSZ suffered less
damage than the 7YSZ. The rare earth-doped YSZ was found to be resis-
tant to VA at a high temperature probably because rare earth oxide-
doped YSZ is predominately tetragonal and can stabilize the tetragonal
phase very well [23].

According to the ZrO2-SiO2 phase diagram [24], pure zircon is a sta-
ble phase. The reaction between ZrO2 and SiO2 is very slow at 1250 °C
[25,26]. It has already been observed that cristobalite does not react
with ZrO2 below a temperature of 1300 °C [27]. These results confirm
the findings of Ramani et al. [27], that ZrO2 does not react with quartz.
According to Itoh [28], zircon starts forming around 1300 °C and pro-
ceeds exclusively between amorphous silica and tetragonal zirconia.
The results of previous experiments and studies clearly show that the
investigation of the kinetics of zircon formation cannot be directly ac-
complished using a mixture of YSZ and SiO2 powders below 1300 °C.
However, this is contrary to the observations made in this study. The
formation of zircon was observed at 1250 °C in this study.
Fig. 5(b) confirms that the ZrSiO4 is the major phase in as-prepared ce-
ramics andVAmixture powders after heat treatment. The appearance of
ZrSiO4 indicates that the VA reactedwith the as-prepared ceramic pow-
der and formed a new compound. The presence of ZrSiO4 was probably
due to the dissolution of Y2O3 fromYSZ byVAuntil ZrSiO4 nucleated and
grew at the interface between the Y2O3 enriched amorphous phase and
the residual ZrO2 [17,18]. The presence of additional oxides may signif-
icantly accelerate the formation of ZrSiO4 [18]. These experiments have
shown that rare earth oxides can considerably increase reactivity.

Both transition and melting temperatures are critical for a molten
deposit attack. The solid state diffusion of the CMAS species may attack
the TBCs in cases where the TBC's surface temperature is less than the
CMAS melting temperature, but close enough to the transition temper-
ature of the melt. However, when the TBC's surface temperature ex-
ceeds the melting point of the deposit, melting occurs and the TBC is
infiltrated by the CMAS melt. This liquid form of CMAS attack is much
faster compared to the slow, long-term solid state attack [29]. Com-
pared with the CMAS, the melting temperature in the CMAS-7YSZ sam-
ple also shifted to lower values, with the onset depressed by 27 °C and
the peak by 21 °C [29]. In all cases, it was observed that the ceramics
were dissolved intomolten ash and formed ZrSiO4. Zirconmelts at a rel-
atively high temperature of 2550 °C [24] and the resistance to VA de-
pends on the amount of solute in the zirconia, which is the key to
stopping the penetration. Addingmore solute to zirconia drastically de-
creases the penetration depth of CMAS, since the additional solute en-
ables the glass to be chemically modified faster, resulting in
crystallization [30]. These crystalline phases with higher melting points
can serve as a barrier to the further penetration of VA. According to the
previous study, when VA reacts with alumina, forming anorthite, mag-
netite and spinel as reactive products, it results in a melting tempera-
ture above that of the VA [16]. In short, rare earth-doped YSZ samples
were found to be effective against VA, while 7YSZ was not. The results
of the solute atomic ratio and penetration depth are listed in Table 4.
It is noted that more solute in the original ceramic causes a more reac-
tive phase to precipitate, allowing less VA penetration. Penetration
stops when CMAS/VA reaches regions where the local temperature is
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below itsmelting point. Infiltration is complete in isothermal exposures,
but would be limited in a real operation to a depth dictated by the ther-
mal gradient across the coating and the viscosity of themelt [9]. Current
TBCs consisting of 7YSZ are ineffective in stopping VA penetration due
to the low concentration of the solute. Cai et al. [31] found that ZrSiO4

forms near the top surface region of the YSZ layer and the VA penetrates
the entire YSZ layer. Since the growth of ZrSiO4 is relatively slow,
blocking the inter-column gaps hardly inhibits infiltration [32]. These
experimental results agree with the conclusions reached in this study.
In contrast to 7YSZ, rare earth-doped YSZ suffered less damage from
volcanic ash. It was found in study that VA only penetrated about
100 μm distance into the rare earth- doped samples from the top sur-
face, as shown in Fig. 4. Compared with 7YSZ, rare earth-doped YSZ
samples were found to have faster ZrSiO4 products, which were able
to seal the inter-column gaps. Despite the fact that rare earth-doped
YSZ is more porous than 7YSZ, rare earth-doped YSZ suffered less VA
penetration, which suggests that microstructure porosity may a less
critical role affecting VA penetration. It was demonstrated that rare-
earth doped YSZ might be one of the ideal TBCs ceramics to suppress
damage caused by a CMAS/VA attack.

The combined data for the depth of VA penetration and the melting
temperature that occurs due to different solutes and concentrations of
ions in zirconia are listed in Table 4. It is apparent that in the case of
rare earth-doped YSZ, adding more solute into zirconia drastically re-
duces the penetration depth of VA. Furthermore, a small concentration
change in the lower solute regime appears to have a huge effect on re-
ducing the depth of penetration [30]. The mitigation of molten CMAS
appears to be highly dependent on solute concentration [33,34]. The
mechanism of penetration will affect the nature of the thermochemical
interaction between the VA and TBC materials, which will also contrib-
ute to the search for novel coating compositions.

The CMAS problem in TBCs is intrinsically thermomechanical, but
thermochemical issues are relevant for formulating an effective mitiga-
tion strategy [6]. However, it should be noted that only plate and pow-
der samples were examined in this study. The thermochemical
interaction of VA and ceramics is highly complex; therefore, the results
cannot be used to determine volcanic ash degradation mechanisms.
Notwithstanding this limitation, the results of the study clearly indicate
that adding a small amount of rare earth oxide to YSZ could effectively
protect it from a VA attack.

5. Conclusion

Real volcanic ash, which has a composition similar to CMAS with a
lower melting temperature, was utilized for this study. In the current
study, 7YSZ, 0.5Gd-8YSZ and 3Er-7YSZ powders and free-standing
plates were prepared. The reaction of three kinds of materials with
real volcanic ash maintained at 1250 °C in air for 5 h was investigated
and some conclusions were drawn, as follows;

1. The VA mixed with as-prepared powders after heat treatment con-
tains the same ZrSiO4. The presence of additional oxides may signif-
icantly accelerate the formation of ZrSiO4. Volcanic ash reacts with
7YSZ, which induces a phase transformation from t-ZrO2 to m-ZrO2.
The mechanisms of molten VA attacks 7YSZ are somewhat similar
to CMAS. However, the m-ZrO2 phase was not detected in the rare
earth-doped samples. 3Er-7YSZ and 0.5Gd-8YSZ suffered less dam-
age from volcanic ash than 7YSZ.

2. After 5 h of heat treatment at 1250 °C, the penetration depth of the
7YSZ sample was much greater than that of the rare earth-doped
samples. 7YSZ was found to have a poor ability to combat volcanic
ash penetration. Rare earth-doped YSZ may be used effectively to
mitigate a volcanic ash attack.

3. Compared to the VA, the temperatures of the melting endotherm in
the VA-7YSZ sample shifted to lower values, with the onset and
peak point reduced by 14.1 °C and 22.1 °C respectively. However,
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the melting temperature increased slightly in the rare earth-doped
samples.

4. The addition of solute to YSZ was found to reduce the penetration of
VA. Small changes in concentration resulted in a large reduction of
penetration. The 7YSZ suffered less damage from the VA attack
with the increasing solute content in the materials. The rare earth-
doped YSZ has the potential to provide effective protection against
molten volcanic ash.

Overall, the work here has shown that YSZ ceramic resistance to
CMAS and volcanic ash improves with the addition of a small amount
of rare earth oxides. This study has provided new insights that can be
used for the further development of VA-resistant TBCs.
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