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a  b s  t r a  c t

This work aims to study the  interaction of sintered yttria-stabilized zirconia (7YSZ) ceramic

under a  volcanic ash mix at an engine representative temperature of 1350 ◦C.  In this work,

two different locations – distance from Mexico Popocatépetl Volcano were chosen to  col-

lect  the ashes, and to perform their melting process with variable chemical composition.

Afterward, each ash  was deposited on the surface of 7YSZ ceramic coupons, then they were

exposed at heating and cooling cycles at designed temperature equal to 1350 ◦C. After 8

cycles of thermal treatment testing of 8 h, the morphology and microstructure analysis of

the 7YSZ coupons was carried out using microscopy and X-ray diffraction analysis tech-

niques.  The results showed that a molten ash layer, with smooth morphology of size of

60  �m of thick, was formed on the ceramic surface. Based on the observed degradation, the

general status of the coupons after 8 cycles of thermal test, presented failure by growth of

large  cracks which were associated to the infiltration of melted ash  through the  thickness of

ceramic coupon. This melted ash infiltrated trough the  fine grain microstructure, promoted

the  development of a  compose rich in silica, which is brittle and therefore promoted cracks

initiation with subsequent propagation in the substrate.
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open access article under the  CC BY-NC-ND license (http://creativecommons.org/licenses/
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Interacción  a alta  temperatura  de ceniza  volcánica  del  Popocatépetl
depositada  sobre  pastillas  sinterizadas  de circonia  estabilizada  con  itria
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r  e s u m  e n

Este  trabajo tiene como objetivo estudiar la interacción de cerámica de  circonia estabilizada

con itria (7YSZ) sinterizada, bajo una  mezcla de ceniza volcánica a  una temperatura repre-

sentativa  de operación de 1350 ◦C. En este trabajo, se eligieron dos ubicaciones diferentes

y  cercanas del volcán Popocatépetl de  México, para recolectar las cenizas, y  caracterizar

su  proceso de fusión de  composición química variable. Posteriormente, estas cenizas se

depositaron sobre la superficie de pastillas cerámicas de 7YSZ, y se expusieron a  ciclos de

calentamiento a  una temperatura de 1350 ◦C, y  lento enfriamiento a  temperatura ambiente.

Después de  8 ciclos térmicos de  8 horas, un análisis de  morfología y microestructura de

las pastillas cerámicas se llevó a  cabo mediante técnicas de  microscopía y  difracción de

rayos X. Como resultado, una capa vítrea de cenizas fue  formada sobre la superficie de  las

pastillas cerámicas, con morfología suave de tamaño de 60 �m de espesor. Con base en la

degradación observada, el estado general de la pastilla cerámica luego de  8  ciclos térmicos

presentó falla por crecimiento de  grandes grietas, las cuales estuvieron asociadas a  la infil-

tración de cenizas fundidas a través del espesor de la pastilla cerámica. La ceniza fundida

infiltró a  través de  la microestructura de  grano fino promoviendo el desarrollo de  un com-

puesto  rico en sílice, el  cual tiene características frágiles y  por lo tanto promovió la iniciación

de  grietas con la subsecuente propagación en el substrato.

©  2025 Los Autores. Publicado por Elsevier España, S.L.U. en nombre de SECV. Este es un

artı́culo  Open Access bajo la CC  BY-NC-ND licencia (http://creativecommons.org/licencias/

by-nc-nd/4.0/).

Introduction

Environmental rubbles such as  sand, dust and volcanic ash

are considered as  one of the major menaces for aeronau-

tic turbines safety. Jet engines are inherently vulnerable to

contamination which can cause unsafe and/or deficient oper-

ation [1–7]. The enter of volcanic ash in turbines aircrafts is

broadly documented as a possible hazard in the aeronautic

industry. Throughout the service operation of gas  turbines

along the time, the ingestion of volcanic ash can impact,

melt, and adhere to thermal barrier coatings (TBCs) which

protect hot-section parts, affecting their structural integrity,

leading their aircraft instability. Accordingly, it is relevant to

investigate the behaviour of volcanic ashes on jet engine com-

ponents. Nowadays, several works have been developed to

study the interaction of ash with ceramic materials, nonethe-

less in much research work, it was  employed synthetic ash

[4,5,8,9].

At high temperatures, molten ash can penetrate inside

of the TBCs coating through porosity and/or cracks, with a

rapid solidifying in the course of the  cooling process. This

reduces the strain tolerance of the coating, making the TBCs

more prone to delamination during the thermal cycles [10–13].

Additionally, the permeable ash can react with the  stabi-

lizer in the coating to absorb Y3+ and Zr4+, leading to the

re-precipitation of Y-depleted. And this depletion can cause

phase transition of ZrO2 from t′-ZrO2 to unstable monoclinic

phase (m′-phase). Thus, volume expansion that accompa-

nies the phase transformation, causes internal stress in the

coating, inducing cracking into the coating [14–18]. In the

literature, several studies have shown that the damage by

synthetic ash to TBCs can be effectively reduced by promoting

ash crystallization in order to  suppress melt penetration into

the coating [19–22]. Therefore, it can be observed that the inter-

action between different coating materials, and synthetic ash

has been demonstrated to react strongly with synthetic ash,

forming a dense reaction layer [23,24].

Nevertheless, volcanic ash, even with lower Silica content,

has Y3+ solubility, revealing that more  top-coat has to be con-

sumed, to  saturate the  melted ash, and the chemical reaction

is delayed and melted ash has  more  time to infiltrate. While

nature volcanic ash has a  relative high viscosity, exhibiting

a  large infiltration depth, the apatite compound with  a  theo-

retical CaAlx(SiOy)z structure, is the main corrosive product

for either nature volcanic ash as  synthetic ash [8–13]. This

in turn, promotes the  development of corrosion by precipita-

tion of high-entropy apatite phases, causing the damage of the

TBC’s. However, the volcanic ash composition can improve the

density and stability of the slow-growing reaction layer, hin-

dering the further penetration of molten ash. Moreover, at high

temperatures (around 1350 ◦C), a  reaction layer with a  three-

layered morphology, ash has been reported [10], as resulting

from the decreased viscosity of molten synthetic.

Recently, it was  observed that the identification and dis-

tinguishing of self-crystallization and reactive crystallization

of synthetic ash, become a  significant subject for elucidating

the interactions between coating materials and synthetic ash,

and accordingly it can be used to develop new coating material

systems against corrosive ash  [1–5,12,13,23,24].

Hence, in this work it was designed an experimentally

procedure that replicates the thermal conditions of nature vol-

canic ash  effect on airplanes jet engines when travelling in

http://creativecommons.org/licencias/by-nc-nd/4.0/
http://creativecommons.org/licencias/by-nc-nd/4.0/
http://creativecommons.org/licencias/by-nc-nd/4.0/
http://creativecommons.org/licencias/by-nc-nd/4.0/
http://creativecommons.org/licencias/by-nc-nd/4.0/
http://creativecommons.org/licencias/by-nc-nd/4.0/
http://creativecommons.org/licencias/by-nc-nd/4.0/
http://creativecommons.org/licencias/by-nc-nd/4.0/
http://creativecommons.org/licencias/by-nc-nd/4.0/
http://creativecommons.org/licencias/by-nc-nd/4.0/


b  o  l e t í  n d e l  a s  o  c i  e d  a d e s  p a ñ o l a d e c e r á m i  c  a y v i  d r  i o 6 4 (2 0  2 5) 100433 3

Fig. 1 – SEM micrographs analysis of volcanic ash obtained to  land distance from Volcano: size distribution graphics of

“A“and“B” ashes respectively, (c)(e)”A” and (d)(f) “B” respectively.

volcanic ash environments. Thus, the proposed work method-

ology shows the chemical interaction of nature volcanic ash

in a ceramic material, this under a  defined thermal treatment

condition. In the work, it was employed Mexico Popocatepetl

Volcanic ash deposited on 7YSZ ceramics materials compo-

nents. The Popocatepetl ash  was collected from two different

land localizations with respect to the Volcano crater, this

in order to study their effect behaviour, since it was  identi-

fied that the chemical composition varies with the location

where the ash is collected. Therefore, in the present work

thermochemical reactions were caused by the ashes, at high

temperature, in order to determinate the potential damage in

7YSZ ceramics samples, previously sintered by a sintering pro-

cess. The results also showed that the present work is the  first

approach in the fields of volcanology and aviation, reported in

the literature, and that allows the quantification of the  interac-

tion of the melting process of Mexican Popocatepetl ash with

sintered 7YSZ ceramics.

Materials  and  methods

Popocatepetl Volcano ashes, from the months of March 2023

through April 2023 eruptions, were recollected from two land

distance, with respect to  Volcano crater, at 7  km and 25 km

(hence A and B km as-collected). The ashes were charac-

terized in  order to determinate their chemical composition,

size and morphology. 7YSZ ceramic cylindric coupons, with

a  diameter of 2 cm and a thickness of 3 mm were used as

substrate to  deposit the ashes. The ceramic coupons were

obtained following a  procedure descripted in previous own

work [25].  The degradation corrosive environment, thermal

treatments at a  temperature of 1350 ◦C in atmospheric air,

was carried out following similar procedure reported in  the

literature of deposit molten salts [26–28]:  an ash ratio in the

range of 20 mg/cm2 was homogeneously deposited on each

ceramic substrate, later the ash-coupon ensemble was  then

placed in an electric furnace at the ambient temperature.
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Fig. 2 – Images of “A” volcanic ash obtained to distance of 7  km from Volcano: (a) SEM micrograph analysis, (b) spectrum

EDS analysis, and (c and d)  mapping and spectrum EDS analysis respectively.

Afterward, a  temperature ramp  of 100 ◦C/min was imposed

to furnace until the designed temperature of 1350 ◦C. Then, at

the end of 8 h  of staying at 1350 ◦C, the ash-coupon ensemble

was cooled down inside the furnace at ambient tempera-

ture. And in turn each ash-coupon ensemble was visually

inspected with the aim to identify the cracks appearance, and

the cyclic thermal was repeated until the ash-ceramic coupon

ensemble suffers catastrophic fail. Once the high-temperature

treatment was  performed, morphologic and microstructural

analyses of the ash-coupon ensemble were carried out with

a high-resolution scanning electron microscope (model JEOL-

7800) with XL-EDAX Ametek-Apolo detector, Word  Distance

10–12 mm  and windows 30  mm,  and 10–15 kV of accelerated

energy. And an X-ray diffractometer X’PertPro (Bruker D8-ECO

Advance) were also performed, with a Bragg-Brentano set-

up, equipped with an  X’Celeratrimina, in the range 20–80◦ (2

theta), using a  0.021 step size, 2 s time per  step and Cu–Ka radi-

ation of 1.541. A DSC instrument (SDT Q600 V20.9 Build 20)

with module DSC-TGA Standard, Serial, 0600-0854, was used

firstly at a ramp  50.00 ◦C/min to 600.00 ◦C temperature, sec-

ond ramp of 10.00 ◦C/min to reach 1500.00 ◦C, this with the

aim to assess transition phases of both ashes (as-collected at

different distance from the Volcano).

Results  and  discussion

Popocatepetl  Volcano  ash  characteristic

Fig. 1(a) and (b) shows the size distribution graphics of A and

B ashes respectively. Hence, it is  observed binomial features

that would correspond to the presence of smalls and large

particles for both ash cases. Moreover, micrographs of scan-

ning electron microscopy micrographs showed the features of

both volcanic ashes collected at different distance from the

Volcano, Fig. 1(c)(d) A  and (e)(f) B respectively.

From the  figures, it is  observed that “A” ash is  composed

by large particles in the size range from 100 to  400 �m,  and

with presence of a fine-grained fraction less than 10 �m, show-

ing textural surface with a roughness feature and a  granular

morphology. In the case of “B” ash, it is observed than that is

composed by a  smoother fraction in the size range from 20

to 100 �m with porous morphology, and a fine-grained frac-

tion less than 10 �m. An EDAX analysis is  shown in Fig. 2,

for the raw “A” volcanic ash (obtained at a distance of 7 km

from Popocatépetl Volcano), it is shown a  chemical com-

position composed by O, Si, C, Al, Na elements principally,
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Fig. 3 – Images of “B” volcanic ash obtained to the distance of 25 km from Volcano: (a) SEM analysis, (b and c) EDS spectrum

and quantitative analysis respectively, and (d and e) mapping and spectrum EDS analysis respectively.

and with minor content of Ca, Fe, K,  and Mg chemical ele-

ments.

In the case of raw “B” volcanic ash, shown in Fig. 3,  the EDAX

analysis of volcanic ash  (obtained to distance of 25 km from

Popocatépetl Volcano), is composed by silica with a highest

weight content of 12.33 wt.%, with an  apparency of black color,

this volcanic ash  can be classified as a  scoria based on the

amount of silica [10,11].

The crystal structure of the ash particles was analyzed by

XRD analysis. Fig. 4(a) shows the XRD analysis of the “A” ashes

obtained at 7 km of distance from Volcano. In the figure it can

be observed that the raw volcanic ash presented slight amount

of an amorphous glass phase, estimated based on the broad

range of 2� = 20◦–37◦, with significant characteristic peaks of

crystalline phases.

These last peaks can be attributed to  the

presence of Al1.77Ca0.88O8Si2.23 00-052-1344, and

Al3Ca2H2Mg4NaO24Si6 00-023-1406. Both ashes, also pre-

sented crystal phases called plagioclase such as albite

Al2CaO8Si2 00-012-0301 and anorthite AlNaO8Si3 01-083-1606

[13,29–31]. Fig. 4(b) shows the XRD analysis of the “B” ashes

obtained at 25 km of distance from Volcano, this raw volcanic

ash also presented a slight amount of an  amorphous glass

phase, estimated based on the range theta 2� = 20◦–37◦ with

significant characteristic peaks of crystalline phases. These

last peaks could be attributed to  the  presence of iron oxide

phase such as  magnetite Fe2.937O4 01-086-1350 [32].  The DSC

analysis is shown in Fig. 5(a) and (b) for both “A” and “B” ashes

obtained from Volcano.

In summary, this DSC analysis leads to identify the decom-

position, phase transition, oxidation, surface modification, or

the withdrawal of volatile fraction solid from minerals and

other materials, applied a thermal treatment. Both TGA-DSC

curves, which were carried out in static air, with a  heating

rate of 10 ◦C/min at the ending, showed almost a thermal sta-

ble behaviour up to  1300 ◦C, with a weight loss in  the range

of 1.5–5%. Fig. 5(a) shows the TGA-DSC curve of “A” raw vol-

canic ash, which was performed using at the beginning a

heating rate of 50 ◦C/min. As shown by the TGA curve, the

“A” raw volcanic ash  is almost thermally stable up  to 1300 ◦C,

with a  small reduction in weight of about 5%. This weight

loss could be attributed to the trapped gases, and that were

released from ash particles during thermal heating. However,

the DSC analysis ash appeared to be not thermally stable up

to 550 ◦C. There is a  very strong endothermic peak at around

700 ◦C, with an  onset temperature of 820 ◦C, afterward it is

showed a  slight exothermic peak at around 950 ◦C, this can

be due to calcination phenomenon of some ash  component.
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Fig. 4 – XRD analysis (a) “A” and (b) “B” of the ashes obtained from Volcano.

At the ending curve a  strong endothermal peak at 1300 ◦C

was associated to  the  melting point of raw volcanic ash. In

the case of the  “B” raw volcanic ash  collected at 25 km from

Volcano the TGA-DSC is shown in Fig. 5(b). The DSC curve

exhibited a slight peak up to 550 ◦C,  indicating that there is

transformation at this low temperature. In addition, above

900 ◦C, a slight exothermic peak was  exposed which can be

attributed to  an  oxidation phenomenon [13].  This “B” raw

volcanic ash is also thermally stable up to 1300 ◦C, with a

reduction in weight of about 1.5%. This weight loss  could be

associated to a reduction phenomenon. Similarly, the DSC

line showed a  strong endothermal peak at a  temperature

of 1300 ◦C at the ending of the curve, which was  related

to  vitrification process with fusion and structural changing

of the  mineral composition [10,11]. Therefore, the mineral

composition, obtained with XRD for raw ash, can be associ-

ated to the transformation of one mineral phase, which can

form a  solid solution [13,32,33]. Nonetheless, these strong

endothermic peaks could be related to the formation of a

solid solution of magnetite. In accordance with the thermal

analysis results, the two raw ashes samples were then ther-

mally characterized up  a temperature of 1350 ◦C  in static air.

Hence, it is expected that the ash particles melted to  molten

ashes, which was studied in the following sections of the
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Fig. 5 – DSC analysis of the ashes collected: (a)  “A” and (b) “B”.

present work by XRD and SEM analyses, resulted from the

interaction with ceramics materials prepared by a  sintering

process.

Thermal  interaction  ash versus  7YSZ  ceramic

Fig. 6(a) shows a  7YSZ ceramic coupon, which was previously

prepared by  spark plasma sintering process, with diameter of

2 cm and thickness of 3 mm  [25].

Fig. 6(b) shows the  XRD analysis which corresponds well

to ZrO2 tetragonal structure, with indexed JCPDS 01-082-1241

pattern. Fig. 6(c)  shows the microstructure of the 7YSZ ceramic

coupon, which is composed by a morphology of grain size of

around 3 �m.  It is worth to  note the presence of quite null

porosity in the  7YSZ coupon. Furthermore, this low porosity

can be associated to a  low diffusion of melted ash into the

7YSZ matrix.

Upon ashes characterization, both “A” and “B” ash particles

were homogeny distributed on ceramic surface, as depicted

in Fig. 7(a). It is showed each ash deposit on 7YSZ coupons

respectively before the thermal treatment at a temperature

of 1350 ◦C. Then, after four thermal treatment cycles, images

of both 7YSZ ceramic coupons, with melted “A” and “B”

ashes, are observed in Fig. 7(b) and (c). Hence, “A” and “B”

coupons respectively, it was  not significant changes iden-

tified on the ceramic coupon surface at the end 4 cycles

after thermal treatment at 1350 ◦C. Thus, ash vitrification

was remained as shown by the images. It is clear that the

color of ceramic substrate surfaces changed completely, which

indicates the chemical reaction of the  ashes. It was  also

observed that in “A” ceramic substrate surface coupon it

was formed a thin layer of appearance vitrified with yellow

coloration. A similar observation is shown for “B” ceramic

substrate coupon, where the melted ash  formed a  layer with
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Fig. 6 – SEM analysis of 7YSZ ceramic before deposits of ashes: (a) coupon of diameter of 2 cm,  (b) XRD analysis and (c)

microstructure and morphology of grain.

appearance vitrified, but with a  poor red coloration, as

observed in Fig. 7(c). After thermal treatment at 1350 ◦C and

8 temperature cycles, the dimensions of the ceramics were

not preserved in both “A” and “B” coupons (melted ash-

7YSZ ceramic substrate) as clearly observed in Fig. 7(d) and

(f). Here, the creation of large number of smalls microc-

racks were observed promoted the failure of the ceramic

substrate, as clearly observed in both “A” and “B” surface

coupons, where it was also observed the separation of the

coupons. The XRD analysis of both cases study, after treat-

ment at 1350 ◦C  and 8 cycles with volcanic ash, are shown

in Fig. 8(a) “A” coupon and (b) “B” coupon, respectively. This

XRD analysis indicates the existing of decreased peaks in

intensity, which were smoother compared to  those of the

raw ash sample. Fig. 8(a) shows the XRD experimental pat-

tern of “A” ceramic coupon, in which a slight formation

of amorphs phases can be  identified and contributing to

the indexed patterns. This indexed patterns also included

Al1.77Ca0.88O8Si2.23 00-052-1344 and Al3Ca2H2Mg4NaO24Si6 00-

023-1406 structure and a  crystalline phase majority composed

by Zr0.9Y0.1O1.95 tetragonal 01-082-1241, and minor com-

posed by ZrO2 monoclinic phase 23-002-96 respectively, as it

was determined by quantitative Rietveld analysis. This last

result means the presence of a transition of 7YSZ tetrag-

onal phase to ZrO2 monoclinic during thermal treatment,

which it could be due to the depletion of Y by reaction

with melted ashes constituents. This Y depletion has been

reported in 7YSZ by different authors including own works

[26–28].

In the same sense, after thermal treatment test at 1350 ◦C,

of “B” coupon, it can be observed from Fig. 8(b) that a  major

amorph phase, and a  slight crystalline phase were presented.

These, new crystallizing phases appeared, such as magnetite

Fe2.937O4 or pargasite (NaCa2Mg4Al3Si6O24(OH)2), which can be

correlated with a  change in  color from black to poor red, above

exposed. These changes have been attributed to the  recrystal-

lization of the minerals, oxidation of magnetite or other iron

oxides, or/and transformation into hematite, which has a red

silica color, as also found in  the  literature [11,12]. SEM analysis

of the “A” coupons after 4 cycles thermal treatment at 1350 ◦C

is shown in  Fig.  9.

It was observed the formation of microcracks in the range

size from 1.5 to 2.0 mm,  along with a  few isolated pores,

in  Fig. 9(a) and (b). A  close-up view on the sample, clearly

shows the morphology spheric of these pores, as  observed in

Fig. 9(c). Thus, the melted ash initially formed a  thick dense

vitrified layer that interacted with the 7YSZ ceramic surface

by the possible formation of a  semi-continuous silica thin

film, shaped at the interface with the substrate at 1350 ◦C.

Similarly, the SEM analysis of the “B” coupon after 4 cycles

thermal treatment at 1350 ◦C with B volcanic ash is shown in

Fig. 10.
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Fig. 7 – Images of 7YSZ ceramics with deposit of ashes: (a) A  and B respectively cero cycles treatment at 1350 ◦C. (b) A and (c)

B Dimensional size image of ceramics with melted ashes deposit after four cycles at  1350 respectively, and (d) A  and (f) B

ash-coupon ensemble respectively after eight cycles of treatment at  1350 ◦C.

Here, the melted ash formed a microstructure composed

by few small grains on the surface, it was  also  observed the

presence of significant microcracks in the layer with a  size of

several microns. A morphology like scales was identified in the

SEM analysis, as  observed in  Fig. 10(a)–(f), where such vitrified

ash was  composed by white particles with small aggregates,

and some fragments without specific shapes of micro-sized.

To elucidate the interaction of raw ash on the  7YSZ ceramics,

after thermal treatment at 1350 ◦C and 8 cycles, a SEM analysis

in the cross-section view of the “A” coupon was  carried out,

as observed in Fig. 11.

In the analysis it  was observed a  layer of thickness of size of

several microns, and with white color on the  ceramic surface,

which correspond to melted ash, as  depicted in  Fig. 11(a) and

(b). Moreover, last figure shows that this layer was composed

by white and gray zones, distribute trough the thickness of the

YSZ ceramic substrate, as shown Fig. 11(c).

In Fig. 11(d), it is  also observed the formation of microcracks

(“holes”) of a size around 100 �m with an elongated elliptical

shape. The close-up view of both white and gray zones showed

that these are constituted of crystal structures embedded by

melted ash, as shown in Fig. 11(d). The crystal structures of

size of around 15  �m present morphologies likes to tetragonal

shapes. The formation of microcracks in the “A” coupon pro-

moted the formation of pores, caused the diffusion of melted

ash during thermal treatment through of the thickness of the

“A” coupon. An  EDAX mapping analysis was also carried out

on white and gray zones of the samples in order to confirm

the chemical compositions of the corrosion products. Mapping

analysis indicated that such zones are composed by Zr, Y and

O chemical elements, which correspond to 7YSZ ceramic sam-

ple, as  observed in Fig. 12(b). The performed EDS mapping also

identified rich zones of Si  and Al chemical elements constitut-

ing an  interaction zone, between the melted ash  layer and the

ceramic substrate, as observed in Fig. 12.  It is clearly observed

the infiltration of melted ash throughout matrix ceramic, this

last result was correlated with above XRD analysis on the pres-

ence of ZrO2 monoclinic phase. Therefore, a depletion of 7YSZ

(yttria-stabilized zirconia) caused by the reaction with  melted

ash is shown, followed by the re-precipitation of both ZrO2 and

Y-depleted monoclinic zirconia. This last finding has  also been

reported in  interactions with synthetic melted ash preparation

[28,34–40],  nevertheless, according to the authors, the interac-

tion of 7YSZ ceramic and volcanic ash has not been exhaust

studied, especially the  interaction with nature volcanic ash

[4–6,9].  Then, as an  approach of the degradation mechanism
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Fig. 8 – XRD analysis of the 7YSZ ceramic after eight cycles of treatment at 1350 ◦C of temperature with volcanic ash: (a) “A”

and (b) “B” coupons respectively.

by melting ash, promoting the onset of cracks of 7YSZ ceramic,

is a very important subject of study in the airplane industry

in order to give recommendations of their effect in ceramic

thermal barrier of jet turbine blades. Fig. 13 shows SEM and

EDAX analyses of the “B” coupon in the cross-section view

after 8 cycles of thermal treatment at a temperature of 1350 ◦C.

Fig. 13(a) shows the  ensemble (melted ash/ceramic coupon),

where it can be observed on the top region of the ceramic

sample the formation of a  layer identified by gray color zone,

shown the penetration and the reaction rate of the  melted ash,

as observed in Fig. 13(b). Nonetheless, it was observed that

“B” sample has a lower corrosion potential, compared to  “A”

ash  sample, this can be attributed to the formation of a  minor

amount of corrosive salts, where it seems to be constituted by
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Fig. 9 – SEM analysis of the 7YSZ ceramic after 4 cycles thermal treatment at 1350 ◦C of temperature with A volcanic ash: (a)

melted ash on 7YSZ ceramic, (b) close-up from (a),  and (c) porous and cracking of melted ash  layer.

Fig. 10 – SEM analysis of the 7YSZ ceramic after 4 cycles thermal treatment at 1350 ◦C of temperature with B volcanic ash.
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Fig. 11 – SEM analysis in cross-section view of the “A” coupon after 8 cycles thermal treatment at  1350 ◦C of temperature: (a)

melted ash-7YSZ ceramic, (b) close-up from (a), (c) “Hole” formation and (d) close-up view from (c)  embedded 7YSZ grains by

melted ashes.

Fig. 12 – (a) SEM analysis in  cross-section view of “A” coupon after thermal treatment at  1350 ◦C of temperature, (b) EDS

spectrum analysis and (c) EDS mapping image respectively.
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Fig. 13 – SEM analysis in a cross-section view of “B” coupon after thermal treatment at 1350 ◦C of temperature: (a)

micrograph image, (b) close-up from (a), (c) close-up infiltration of melted ash and (d and f) EDS spectrum and mapping

analysis respectively.

Si, Na and Ca compounds, wherein the relative concentration

distributions of the  elements, Zr, Si, O, and Na, are illustrated,

as shown in Fig. 13(b) and (c).

It is clear that Al and Si chemical elements were rich in

the melted ash layer, as shown by the performed EDS map-

ping, and a significant Na content was distributed through the

thickness of the ceramic, Fig. 13(d). From a close-up view from

this zone, it was confirmed the presence of a  7YSZ microstruc-

ture in white color, and an amorph layer in gray color, from

both white and gray zones showed that they are constituted

of crystal structures embedded by melted ash respectively, as

observed in Fig. 13(a)–(c). In addition, Al chemical element was

detected beneath of the ash layer, which would meaning that a

preferential diffusion occurred across of the ceramic coupon,

Fig. 13(f).

A detailed BS-SEM qualitative analysis, from both white

grains and gray color zones showed the penetration and the

reaction rate of the melted ash, as observed in Fig. 14.

The performed BS-SEM analysis collected from the cross-

section of “B” sample is  presented in Fig. 14(a)–(f). Thus,

thermal reaction promoted cracks in the coupons, as observed

in Fig. 14, where is showed by the micrograph the  infiltra-

tion of melted B ash through the  YSZ structure, moreover,

it is observed the  YSZ grains embedded by molten ash, as

observed in  Fig. 14(b). It worth to  note that this cross-section

view shows the fracture surface achieved after 8 cycles of

thermal treatment at 1350 ◦C of temperature. In the same

sense, the presence of a  SiO2 phase is commonly reported in

the hot corrosion of silicon-based ceramics, since the  melted

sodium silicate Na2O–xSiO2 can decompose to silica when x
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Fig. 14 – SEM analysis in a cross-section view of sintered 7YSZ coupon after treatment at 1350 ◦C of temperature with B

volcanic ash: (a) micrograph and (b) close-up infiltration zone and EDS quantitative analysis respectively.

ration is major of 3.65 [41,42].  Although, the  formation of sil-

ica beneath the ash layer could protect the ceramic matrix

for further hot corrosion [43,44]. In our case, a continuous

Si-rich band into matrix ceramic coupon was observed, as

shown in Figs. 12 and 13 respectively, and as  mentioned above,

the XRD results, collected from ceramic samples “A” and “B”

with ash deposit, which in turn formed corrosive products,

suggested that a vitrified layer existed, and diffused trough

the YSZ grains, breaking ceramic bonds, creating continuous

microcracks which at some time broke the Y–O bonds during

thermal cycle treatment.

Conclusions

The infiltration, at high temperature, of molten ash  into sin-

tered 7YSZ coupons was studied in the present work. For the

analysis, two  different locations – distance from Mexico Vol-

cano were chosen to collect ashes, in  order to  perform their

interaction thermal into 7YSZ ceramic. “A” ash was  composed

by large particles in the range size from 100 to 400 �m with a

fine-grained fraction less than 10  �m, the also showed textural

features with roughness surface and morphology granular. In

the case of “B” ash, it is composed by a smoother particles frac-

tion ranging from 20 to  100 �m with porous morphology, and

a fine-grained fraction less than 10 �m.  The analysis showed

that after 4 cycles of thermal treatment during 8 h, at high

temperature of 1350 ◦C, the self-melted ash formed a  vitri-

fied layer on each sintered 7YSZ ceramic coupon. Although,

the presence of smalls microcracks on the ceramic surface,

the appearance of slight damage of both “A” and “B” coupon

was noted. Based on the last early results, it was  decided

that both “A” and “B” coupons were thermal treatment, at

the temperature of 1350 ◦C up  until appearance of failure in

the coupon. The analysis showed that after 8 cycles of heat

during 8 h, at the designed temperature, both coupons pre-

sented significant failure. Afterward, a  cross-section analysis

of coupons showed the formation of crystals with morphol-

ogy like to salt shapes, localized underneath the vitrificated

ash layer on the  ceramic surface. These crystals were rich

in  content of Si and Al elements, with higher Na, Ca, and

K constituent, which constituted a  vitrified ash layer on the

ceramic coupon. In the “A” coupon case, it was promoted

the of cracking and crack growth, with a size of about 10 �m

into 7YSZ matrix, caused by the infiltration and reaction of

Al1.77Ca0.88O8Si2.23 and Al3Ca2H2Mg4NaO24Si6 minerals com-

pounds, which shaped the molten ash. Moreover, the XRD

results showed clearly a transition of ZrO2 tetragonal to ZrO2

monoclinic, caused by Y depletion from 7YSZ ceramic matrix.

In the “B” coupon case, the 7YSZ ceramic degradation was

delayed by the develop of an amorph thick ash layer, which

predominately postpones the reaction of O2− and Si2+ with zir-

conia crystals, and damage and rupture were finally reached

for both “A” and “B” coupons.
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