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Message from the President
—Real Challenges Gas Turbine Offers to the Following Generation—
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Fig. 7 Sequential images of 75° pitch angle plate

Fig. 8 Sequential images of 45° roll angle plate
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Fig. 11 Half ring impact test
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1. [FUBHIC

#ioKk (Icingd %\ idIce Accretion) (2=
IR F-ASFER RN 22 U C Al 28 s+ 30 L 2OK S % T2k
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HWEBoTwWb, —J, Yy bZ Uy I VOFEKIE —
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BEZRZOE NG RbNTWwh, 72, R TIE,
20144E12H28HICA ' FA YT - 7 7 ¥ 7 L8501
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UAMERR ENT WS, KEFHZE)R (Federal Aviation
Administration, FAA) T, MZ2ik 0% MR
9 5HE%EFAR (Federal Aviation Regulation) 24 -
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2.1 7%k (Rime ice)
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HIFMIIZI 2 TR A 720, TEORRBEMNIENS
L) BRIERLKEREZ T 52 bdH b, BRKITHN
e, WROKIIRZENSZ2EM LX) 2BICARD
B2 %728, NG OEZENHET, HIHVE

K GEAICEoTIE, S0%BREIZIED) §H62E3HD,
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3. BKORERRTE

RETIX, BB EZBIE - FHIT 5 7:0 0K %
BRSO WAL %0 AHRORERE LTI, K
DA N = A LFERE BN E § 5 EBRENTORERERER,
B, OEEE, LU =R EOEFEAOEKE L - FH
T27-00FEKBIRAE, Yoy b v I rEREN
WTHEKOBEZFNL, HRIIFTELr Iy DRse
P - fl % GE S % RIS TE 5. T TR
ZNENOREN R SOV THAT %0
3.1 ERHR

KREITIE, EEERBOBE LT, #iHOBMEEIE X
O O BETIAS 75 0\ 2B 3 5 EERIZO W TR T %,

Tanaka 1%, K8 T ICHERE S A7 E TAG N C
DET - HAREEBR ATV, BEE 2R I IRBI AT L 2
A5 W A HUE 3 % R & SRR ENI L 72 W
T EEREME, H2edE0L ~ 3.6 m/s, TN IE 04
~ 20 mm, WHME 0~ -10COHFHACHRETRTH
D, 1000 fpsOEHEH T —F X 5 %\ CTHEHARED
L2853k Ui RIS SN2, T2, 2 Fi
DRKIRFEEEE A WHICIRAT 22 212X ), fHoiR
JEZALD R ICEH STV 5, [ S 2l L 7525
il oK% Fig 1S, FHIE R o —F % Fig. 2125%
¥ Fig. 24 0, WHOBFEHREARELAL L & B ITH]
BICHZ DN TWEZ NG9 5D

s, Light source
Dispenser l - I .

\upcrmnh:d
droplet

Temperature
controlled room
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water

= e

High-speed
Temperature Temperature color camera
monitor controller (Phantom\'710)

Fig. 1 Experimental apparatus of freezing droplet

—10°C

—20°C
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Fig. 2 Temporal change of droplet shape and temperature
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BE[ 258 2 W 52T B 7200, AR ETRAE N TR O %
T - SR ERRE AT, KON AETERE &R BRAE OKib
DT RS, RBHREE, EROREM S, FHE) &
DRI, A& REE & SRS O BIRIZ OV TIA L 720
TR O E 2 -20C IZHERE L, #910C DK & Kk 4 72
I OHE T EE, 1000 fpsDFHE A X T 12 &0 3R
BEHBIE SNz T72, Fig ITRL72X 1T, HiHk
LB 230k L, ez vty 2M LAt
C LI o THHAAINE & B 2 AR L, KA
23 < HEER TR L 72 FIggiA R ) 2 A BRIE & L
TRMIi L 720 AFZEDHRER, -20COEBE T TT VI =
v hEa (A2017) WK ZET SELSE, ETES
DRI AR 5 2 &, Z ONEEEEZEE)

V2K & IR OBIZRIC L 5 TR I N D T &,
FM D KA S AL A A S R 254 L, i*Mf:
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T A SR AT AR B L 72K O A A IR I3 BREE
FEIZ X 5FRO0IMPaT®H b 2 &, RENFW LML t:o
720 Fig. 312, KiHZ#ET - @k sE, NAELZEHIL

- iO)%Eﬁ%JHﬁ%T@“O
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. ::///
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o

Fig. 3 Experimental procedure of adhesion force measurement

3.2 FEKERARER
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wind tunnel) &5, @%H O AR O i B2 6 HIEEE %
B, Rt RE THAEIL, KR E o ARG IS
WxEHET LB~ TH S, NASA (7 A7),
NRC (#7+%4), CIRA (£ %1V 7), VKI (N)LF—),
Fraunhofer (KA ), Boeing (), Cranfield k% (4
FYR), TowalZ K% (729 A), &) TE K
(HA), BiEREmienr (HAR) % &% L Ofi%Rr, 4
¥, REDVPHEKERZFALTEY, BAOFKkErF L

T, BA BRAEBEKMIEDPITOIT V5,
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Research Center (LLF, GRC) 2§ %Icing Research
Tunnel (IRT) IZ2oWTHT 5, IRTIZ, GRC?ﬁ‘Eﬁi
L TR 2\ W19426E D LA B 125, 19444F12
A DA AZER LT b, Z@%ﬂ(ﬁkﬂﬁ]bi%ﬂ(ﬁﬁ
FEDFERT & ), WRP ORI OB % & &
DI, SHAHEINTWSITZE AL ORBKEE DS
NZDIRTE W Tirb N7z, GRCTiZ, IRTZHWT,
HEKBEFE O, WZHAKOWHBIL DM, KA
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ERGE DI LD 72912, Hovenac S 13 19864F 1 K E
LELWCO M % % L7z. Ide and Sheldon™i
20084F IS ICLWC 2 58 3 5 HpliZe ik & s L
Davison 5MiZ Z 0o FEE R L T3 ¥ 237 + RLWCE
WEEEPHIE LT 5D, T/, IRTTHE S N2E KT —
FIHOE, BHROKMETH 2 — FLEWICEY 2B % &
NnNTwnb,

Fig. 412, IRTOMKE X2 R$ IRTIZT v F > 7~

HMoHEREFTHY, A7 Y3 VidE 5183 m,

275 m, %61 mTd» b, kB, [OMLE
X +05COMETS ~-35C £ T, im#id26 ~ 167 m/s,
WM E 281215 ~ 275 «um, LWCIZ0.15 ~ 4.0 g¢/m3® i
PICRETE %, 72, IRMICERE26 mD Y — T —
Tz o TEY, HEAzZ £ 20865 2 & A5
Lo Tnd, KDDL EIE, IRTOFEMIION
TEELIWEBML TV 22 & 20,

HAIZ B % 25K A ORZB1L, B KR Hatii gt

FI O HFE IR BRBEF RN i S T B8 T H %Mo

Z OFEREITIZ1997E1252 K L, Fig. 50 & 9 g &
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BLWHEHTH S, ZORIIEST v F 7 »Ro b
Thh, 7APEZ7YayFEE1Im Elm EX14

m, RERSfE LOR# % 0~ 20 m/s, ’*iﬁiﬂ%f@%—?)o
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HEBREITH) DL VL) TH B, *ﬁ%bu Ja
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NACAOOISEANDE KRB L WK E KD REEZ 1T - T
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3.3 FEHEHER

LYy by Y viE, FAAIC X 2R EE
N3 5720, A OFAR Part 33@&*&3%(ﬁﬁté&
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HOKFHRRE RN AATHREIERTE S L %GE
HT 2 LEN DD, [IEPKILTH 2 LEE»S, o

Flow direction Fan

Water spray ~ Test section
Fig. 4 Schematic of NASA Icing Research Tunnel (IRT)

Fig. 5 Schematic of icing wind tunnel in NIED, Japan
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N7=Ze0H 5. Fig 61%, PifgE A3dbig b )i R R 8
B -C20074E 12 it L 7= IE % P-1H o = » ¥ Y XF7-100
BIKRBOKATH LY, BLEHLE, TOHEKTA
b EVIERBRE R ICBERE SN, BUF L T,

Download service for the GTSJ member of ID , via 216.73.216.1, 2025/07/16.



Vol.48 No.3 2020.5

Ty b I UICHE T BEKIRR ERA BRI 147

Fig. 6 Test of XF7-10 engine developed by Ministry of Defense
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Table 2 Chemical compositions of YSZ ceramic top coat
introduced through the present experimental work.

ZrOz Y203 CaO Fe:0s3 SiO2 TiO2

Bal. 8.18 0.31 0.3 0.11 0.09
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Fig. 3 Specimens used for CMAS damage tests.
(a)Plate specimen (b)Ring specimen.
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Fig. 4 CMAS damage evolution in the APSed ceramic top coat.
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CHNETOMENSE, T2, BREBORAEMRRD ZOT
ZrbHE, CMASHIGIILT O X9 ZNHFE TRET 5 &
ZErROND, (1) v 73— PEREIAAE LZZCMASHH
I CERLL, (2)FRE L 72CMASH b v 73— P NEE~ER
AL7:#%, (3ICMASE by Fa— i (YSZ) DSRIBL
@) by 7a—1 (YSZ) OMERELZONEIZHE VT2
BOFEZTISEI T,

U EDITRT My 7 a— FHBCMASHEG &2 5 &,
Z DI DBILERR B IRRE D T2LL, 3 <HE
RFvEYT/HELIMRSECLEEZLDNHKRTD

Download service for the GTSJ member of ID , via 216.73.216.1, 2025/07/16.



152 ARE—EL LI —T 1> T DCMASEIEFREEE)

AEAHR 2 —E ¥R

%o FEB, CMASZMASIEZEASThy 73— b0
CHEAEERMIZAEL, Zo5 TOMEBERRIARICE
b3 5 HDHE SN TWDE280, —fFkz, MEOLIL
KOMT I, FBERIIHMNT 59—F5 T, CMAS
EHTAETHY), TORFBERIIEAL) DEV (2
KOLFERIINITH LD L, BIZIE1MHz - £
MITBWT, SiO% RS ETHHEN T ADIFESR
34 4, CaO/SiOy/NaxO% EWsr &35 — 5 HIKA
T ADWFHEERII44 ~T72") TEFBERIIHHLHT
Hbo INHLOAIL, 185 Z IERIE ISR T 5 T
WZORMNEMAE LT, LEMERICHET S,

3. CMASIHEE#E
31 HERIZRHEBRIFEOZEOREDLSDHMA
(1) KRBHBEICL32HMAEY

CMASIHB MAEAT 2 # TR L 22 BEHEICHE D 7 513,
Fy 73— FAICH HCMASORARKE, Thbh, 2
B DA AE 25 ) D AR BEFEE D FERNT 72 % 0] FEVEDT T Vo
WETE, FEEOM T4 )7 512> TCMASHEE
WEDDLEEZLDONHKRTH H, £, TOBEER %
B2 Thy 73— FOBELE I - 720158, EaHCH
W8 =R ERR, N ¥ —DBIE T EEE Z T o
TRFFRIARIUE, by 7 a— MNORILEET R A D
E—FHEDY, THIAEE L TCMASOIRMEHE b %
LT 2HAIREINT VS, —flE LT, BERERIIHT
HCMASOE AR S %2Fig. 6127 L7z (MHBIZHWTW»
Lt BB ofIEER L TBY, KBTI
AALE, FHLAILE (E—FF), LEREHER ERL
%o FERNE TG Z B2\ ),

— S, R fLE A9 5 ZILERANDOBAR DR AZ

*APS-S
1800 H gaPS-M .
1600 || AAPS-L
L ]
T 1400 |
i A
g 1200
|5 L]
< 1000
= 3 *
L ]
=
E 800 A *
E 600 | , ® 3
L ]
400 ba, *
L4
200 ?‘
o . .
0 50000 100000 150000 200000

Exposure time [sec.]

Fig. 6 CMAS damage penetration depending on the spraying
conditions.
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Fig. 7 CMAS damage evolution in the EB-PVD ceramic top coat.
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Fig. 8 Extraction of single crystal YSZ specimens with different
crystallographic orientation.
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Fig. 9 CMAS damage evolution in the single crystal YSZ
specimens.

Table 3 Analysis of CMAS damaged area in the single
crystal YSZ specimen

O Mg Al Si Ca Y Zr

a. Bulk-YSZ 654 - - 05 - 73 267
b. Cellular structure 655 01 - 06 13 38 287
c. Fine particles 661 02 01 09 08 11 309

d. Interface between cellular
structure and bulk-YSZ 611 17 38 131 106 44 52

e. Interface between fine particles
and cellular structure 604 21 45 150 119 46 14

f. CMAS phase above the fine 605 21 47 152 118 44 13

particles
/j

1

Thickness of reaction zone [pm]
S

104 10° 100

Exposure time [sec.]

Fig. 10 Kinetics of CMAS damage evolution in the
single crystal YSZ specimens.
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Fig. 5 Envelope of ATF at Chitose Test Center

Fig. 6 Photo of engine exhaust nozzle (AB camera image)
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Fig. 9 Equipment for water purifying by reverse osmosis

membrane filtration method
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Fig. 10 Example of test schedule of water injection test
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(Left: Front View, Right: Back View)
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Mitigation of Volcanic Ash Attack on YSZ Thermal Barrier Coatings
Using Sacrificial Alumina Prepared by a Sol-Gel Process
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1. INTRODUCTION

TBCs have been widely used for decades in the hot section
of modern jet engine turbines to provide heat insulation.
This leads to the reduction of the surface temperature of
superalloys, minimizes the oxidation and therefore, prolongs
the components’ service life. TBCs have four primary layers:
(i) nickel-based superalloy, which is used to sustain the
structural loads, (ii) a bond coat consisting of an oxidation-
resistant-metallic layer, which is prepared directly on top of
the alloy substrate, (iii) thermal grown oxide (TGO), which
is a relatively thin oxide layer between the top coat and bond
coat, and (iv) a top coat, which is the YSZ coating for heat
insulation and compliance to thermal expansion mismatch -,

Yttria-stabilized zirconia, or so-called YSZ, has been
utilized as the material for the top coat of TBCs of modern
jet turbines to reduce the transfer of heat from the combusted
gas to the substrate material ©-®. However, airborne ash,
dust and debris are ingested into the engine during operation,
where they melt and form CMAS on the surface of the turbine
blades @D, The molten CMAS penetrates the YSZ top coat
and depletes the yttria content, thereby shortening the lifetime
of TBCs (12-14),

The eruption of Eyjafjallajokull volcano, Iceland, on April
14, 2010, caused an estimated economic loss of 2 billion
dollars and severe chaos to air travel (8, Numerous
attempts have been made to mitigate the volcanic ash-induced
degradation of hot section turbine components “6-?Y, Previous
researchers @7 have demonstrated that Al,Os is effective in
protecting the top coat from volcanic ash attacks by reacting
with the volcanic ash, thereby forming a new compound with
a higher melting temperature. This prevents the deposited
volcanic ash component from melting during the operation
of the engine at high temperatures and, thus, minimizes the
penetration of volcanic ash into TBCs @9,

Before examining the methods of depositing an Al.O3

Efazft 202044 H 3 H
* 1,% 2,% 3,% 4 Superalloys and High Temperature Materials
Group, National Institute for Materials Science, 1-2-1 Sengen,
Tsukuba, Ibaraki 305-0047, Japan
* 1 E-mail: WU.Rudder@nims.go.jp

protective coating, the main purpose of the current study is to
investigate whether sacrificial Al.Os fabricated using a sol-gel
based approach offers similar levels of volcanic ash mitigation
compared to those fabricated by EB-PVD or plasma spray.
Real volcanic ash is used in this study to react with sol-gel
prepared oxides and SEM, XRD, EDX and TEM are utilized
in the characterization.

2. EXPERIMENT DETAILS
2.1 Preparation of YSZ and alumina powder using a
sol-gel-based approach

Unlike our previous paper ®” in which we utilized EB-PVD-
prepared YSZ and bulk alumina, the powder form samples
of YSZ and alumina used in the current study were prepared
using a sol-gel method. Four components were used in the
sol-gel preparation of YSZ, namely, deionized water (50 ml),
ZrCls (4.66 g), Y2Cls - 6H20 (1.21 g) and propylene oxide
(8 ml). The ZrCls and Y:Cls - 6H,0 was firstly dissolved in
deionized water before being mixed with propylene oxide for
15 minutes under 500 rpm rotation. To prepare the alumina,
the AICIs - 6H20 (4.6 g) was first dissolved in deionized water
(10 ml) before mixing it with propylene oxide (8 ml) for 115
minutes under 500 rpm rotation. Next, the Al.O3 doped YSZ
was prepared using a similar method, ZrCls (4.43 g), Y2Cls
- 6H20 (0.98 g), and AICls - 6H.0 (0.46 g) was dissolved in
deionized water (40 ml) before mixing it with propylene oxide
(9 ml) and at 500 rpm rotation for 95 minutes. Three powder
form samples were obtained by drying each gel in air at
100 °C for 24 hours before grinding them into powder. Each
powder sample was then further calcined in air at 1400 °C for
2 hours. The concept of applying a sacrificial alumina layer
prepared by a sol-gel process is illustrated in Fig. 1.
2.2 Characterization of as-prepared YSZ, alumina and
Al,O3 doped YSZ

The as-prepared YSZ, alumina and Al.O; doped YSZ
specimens were characterized using a scanning electron
microscopy (SEM, JEOL-7000). An energy-dispersive X-ray
spectroscopy (EDX) and a transmission electron microscopy
(TEM, JEOL-2100) were used to study the chemical
composition and microstructure of the Al,Os.

Download service for the GTSJ member of ID , via 216.73.216.1, 2025/07/16.



Vol.48 No.3 2020.5

Mitigation of Volcanic Ash Attack on YSZ Thermal barrier Coatings Using Sacrificial Alumina Prepared by a Sol-Gel Process 163

Metal — salt
Propylene Oxid} Mix Sol
b Hydrolysis

l. - ~ L] -l -
]
Gelation B
Current Study g.
=
a
1400°C Drying 6 IE
Heat treatment & g
(Crystalized) Crushing 3
m
@

| I It.: =—ALO,

Fig. 1 Sacrificial alumina layer prepared by a sol-gel Process

2.3 Reaction with volcanic ash and subsequent OM,
SEM, and EDX characterizations

The volcanic ash-YSZ, volcanic ash-Al.Os and volcanic ash-
Al>,O3 doped YSZ mixed powder samples were prepared in
a one-to-one weight ratio and evenly milled. They were then
placed inside crucibles and heated at 1250 °C (i.e. above the
melting temperature (1178 °C) of volcanic ash) for 2 hours.
The surface roughness of each sample after annealing was
observed using an optical microscopy (OM, Keyence VHX-
5000) and a color 3D laser microscope (Keyence VK-9700) to
determine the extent of the reaction and melting. In addition,
the annealed samples were characterized for the change in
microstructures and chemical composition using SEM and
EDX.
2.4 DTA characterization of volcanic ash-Al;Os;

Different thermal analyses (DTA, Netzsch AST449)
were utilized to study the solid-state reactions and melting
temperature of the mixed volcanic ash-alumina sample. The
experiment was carried out using 50 mg of each sample and
the temperature profile was set from room temperature (around
25 °C) to 1480 °C (device limit) at a heating rate of 10 °C per
minute. The specimen chamber was kept in atmospheric air
conditions during the entire analysis. The volcanic ash, sol-

gel prepared Al,Os, and volcanic ash-Al,O3 (1:1 weight ratio)
mixture were analyzed.
2.5 XRD analyses of volcanic ash-Al,O; reacted at
different peak temperatures

The one-to-one weight ratio mixture of volcanic ash-Al,O3
annealed at different temperatures was subjected to an X-ray
diffraction (XRD, Bruker New D8 ADVANCE) analysis. The
reaction temperatures chosen from the peaks obtained in DTA
were 1060 °C (peak top), 1250 °C (above the melting point of
volcanic ash) and 1310 °C (the approximate melting point of the
volcanic ash-Al.Oz mixture), and the annealing time was 5 hours.

3. RESULTS
3.1 Characterization of volcanic ash, sol-gel prepared
Al>O3, YSZ, and Al.O; doped YSZ

The SEM image of the sol-gel prepared Al,Os is shown in
Fig. 2 (a). The surface of the sol-gel prepared Al.Oz had a
wavy texture, similar to the surface of a cerebral cortex. As
shown in Fig. 2 (b), there was a protrusion on the surface of
the sol-gel prepared YSZ. Furthermore, the SEM image of the
sol-gel prepared AlO3z doped YSZ is shown in Fig. 2 (c). The
surface of the sol-gel prepared Al.Oz doped YSZ had a porous
texture. The composition of the as-prepared Al,Os system was
verified by an EDX analysis, which showed that the atomic
percentage of aluminum and oxygen concentrations was
35.8% and 64.2%, respectively. This ratio well resembles that
of pure Al,Os. The SEM image of the volcanic ash is shown
in Fig. 2 (d). The particle size of the volcanic ash was in the
range of 2-40 um as can be seen in the SEM image of Fig. 2
(d) and its composition is summarised in Table. 1.
3.2 Crystallization of sol-gel prepared Al.Os

TEM characterizations were carried out in order to confirm
the morphology, composition and crystal structure of the
sol-gel prepared Al,Os. Representative images of an Al,Os
particle are shown in Fig. 3. It can be seen from Fig. 3 (a)
that the particle had a porous structure, which is a typical
morphology of materials synthesized by sol-gel chemistry. At
a higher magnification, it was recognized that the particle was
assembled by small grains of an average size around 500 nm,
as shown in Fig. 3 (b). Most of the grains were single crystals,
as confirmed by the diffraction pattern shown in Fig. 3 (c).

Fig. 2 SEM images showing the surface morphology of sol-gel prepared (a) Al.Os, (b) YSZ, (c) Al.O3 doped YSZ, together with (d) volcanic ash.

Download service for the GTSJ member of ID , via 216.73.216.1, 2025/07/16.



164 Mitigation of Volcanic Ash Attack on YSZ Thermal barrier Coatings Using Sacrificial Alumina Prepared by a Sol-Gel Process

AEAHZR 2 —E ¥R

Table 1 Composition of volcanic ash (at.%)

Element Na Mg Al Si P

Ca Ti Mn Fe Ta (0]

Volcanic ash  0.57 402 1027 3544 0.19

1.99 6.39 0.94 0.22 9.46 0.03 Bal.

(a)

200 nm

Fig. 3 (a) Low magnification TEM image of an Al,O® particle, (b) magnified TEM image showing
the grain structure and (c) the corresponding diffraction pattern of the chosen grain in Fig. 3 (b)

3.3 Characterization of volcanic ash-Al.Os, volcanic
ash-YSZ and volcanic ash-Al;O3; doped YSZ reaction
products

Fig. 4 (a), (b) and (c) show the appearance of the volcanic
ash-Al,O3, volcanic ash-YSZ and volcanic ash-Al,Os; doped
YSZ reaction products, respectively. As can be seen from Fig.
4 (a), the color remained the same as before the annealing. On
the contrary, the color of the product shown in Fig. 4 (b) was
brown, similar to being scorched, while the appearance of the
product of the volcanic ash-Al,Os doped YSZ system was in
between the other two, as shown in Fig. 4 (c). To understand
the melting characteristic of these three systems, the surface
roughness was measured by a 3D optical microscope, as
shown in Fig. 4, (d), (e), (f) and (g). Based on the 3D images
showing their surface roughness, the roughness of the
volcanic ash-Al,O3 system in Fig. 4 (d) was the largest, at
230.2 um, while that of the volcanic ash-YSZ system in Fig. 4
(e) was relatively small (182.6 um). The surface roughness of

g too0 e — __..,"'n,w ___...JL\AJV ——— BB TSEVA
f ot & 1 j nF s A N
b | nr | [t vszovm
L] ey e
» L] 20 “0 0 L1 100 120 140 100 180

Fig. 4 Images showing the appearance of (a) volcanic ash-Al,Os, (b)
volcanic ash-YSZ, (c) volcanic ash-Al,Os; doped YSZ, mixtures
annealed at 1250°C, together with their corresponding 3D surface
roughness (d-f) and plotted roughness profiles (g).

the volcanic ash-Al:Os; doped YSZ mixture in Fig. 4 (f) was
measured to be the smallest (149.3 um).
3.4 Investigation of the reaction between volcanic ash
and sol-gel prepared Al.Os, YSZ, and Al;Os doped
YSz

The melting point of the volcanic ash was measured using
a DTA, and the results are shown in Fig. 5. Compared to the
original melting point of volcanic ash (1178 °C), the melting
point of the corresponding volcanic ash and Al.Os solid-state
reacted compound increased to approximately 1310 °C. The
EDX mappings of this new compound are shown in Fig. 6 (a),
from which it can be seen that the areas occupied by silicon
overlapped those occupied by aluminum. Meanwhile, for the
volcanic ash-YSZ mixed system, the SEM images and EDX
mappings in Fig. 6 (b) demonstrate that the areas of silicon,
calcium, and other components of volcanic ash did not
overlap the areas of zirconia. As for the samples of volcanic
ash reacted with Al,Os; doped YSZ, similar compositional
separation was observed, as shown in Fig. 6 (c).

- L Al O +Volcanic ash

s —_-|._|
b
L

DTA(uV/mg)

Volcanic ash

03} A

I

—!

0.4 PN Y I IS N (rae e
0 200 400 600 BOO 1000 1200 1400

Temperature(°C)

Fig. 5 DTA pattern showing the difference in melting temperature
between the volcanic ash and the volcanic ash-Al,Oz; mixture.
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Fig. 6 EDX mappings showing the compositional distribution of volcanic ash- (a) Al,Os, (b) YSZ, (c) Al,Os doped YSZ reacted mixtures

3.5 Effect of the temperature on the reaction between
volcanic ash and sol-gel prepared Al.O3

The effect of the volcanic ash and AlzOs reaction (annealing)
temperature was studied by XRD. As shown in Fig. 7, it was
confirmed that it is possible to produce a-phase Al,Os using
the sol-gel method and the subsequent drying and annealing
process. Moreover, while volcanic ash-Al,Os; mixture reacted
at 1060 °C still preserve peaks associated with volcanic ash,
signs (i.e. XRD peaks) of volcanic ash became much weaker
with the increasing reaction temperature. With a peak reaction
temperature of 1250°C and 1310 °C, which are higher than the
melting point of volcanic ash (1178 °C), peaks of SiO, from
the volcanic ash, and labradorite (Alo.s1Cao.325Na0.16Si1.1904)
disappeared while anorthite (Al,CaSi.Osg) and spinel
(AlL7sMgo.sssMng 35:04) associated peaks were identified.
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Fig. 7 XRD Spectra of the as-prepared sol-gel Al,Oz and 1060°C,
1250°C, and 1310°C annealed volcanic ash-Al.Os mixtures,
respectively.

4. DISCUSSION

The effectiveness of using sol-gel prepared Al,O3 as
a protective layer against volcanic ash attacks has been
verified in this study. Similar to the mitigation mechanism
found on commercial Al,O3 in previous literature -8,
the sol-gel prepared Al.Os; appeared to form the similar
reactive products capable of blocking the penetration of
molten volcanic ash. The melting protectiveness of the sol-
gel prepared Al:Osz was suggested by the analysis of the 3D
surface roughness in section 3.3, where the surface roughness
of volcanic ash-Al,O; mixture was the largest among the
three sol-gel specimens, indicating that volcanic ash and
Al>,O3 reacted in the solid-state to form compounds having
melting temperatures higher than the annealing temperature.
As shown by the SEM images in section 3.1, the particle size
of the volcanic ash is inherently much larger than that of the
as-prepared Al,Os. If the volcanic ash had melted, the surface
roughness would have been more evenly distributed, as in the
case of the volcanic ash-YSZ specimen.

In Fig. 6, the EDX analysis indicated that the volcanic
ash reacted with the sol-gel prepared Al.Os; during the heat
treatment, as can be seen by the overlapping regions of Al
with other elements. Si, Ca and Al were concentrated at
the top right corner, while Fe and Mg tended to occupy the
rest of the area. This suggested that a possible reaction had
occurred between the volcanic ash and the Al,Os, forming
Si0,-Ca0-Al;03 based compounds. On the other hand, the
Zr and main elements of volcanic ash were clearly segregated
in the volcanic ash-YSZ specimen, particularly with Si and
Ca components. This phenomenon confirms the previous
findings that volcanic ash simply penetrates the columnar
gaps of the YSZ top coat without forming reactive products
capable of blocking it during engine operation ¢2:16.47, A
less distinctive segregation behavior between the Zr and main
elements of volcanic ash was observed in the Al,O3; doped
YSZ. As shown by the EDX maps, the Zr seemed to be evenly
distributed throughout the scanned area, and intermixed
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with all the other elements. It is therefore, suspected that the
volcanic ash preferentially reacted with the slight amount of
AlO3 doped in the bulk YSZ.

Lastly, the formation of anorthite, magnetite, and spinel in
the volcanic ash-Al.Os specimen was confirmed by the XRD
analysis. Pure alumina was successfully produced using the
proposed sol-gel procedure, as shown by the XRD spectra of
the as-prepared sol-gel Al.Os. After heat treatment at 1250 °C,
XRD peaks of anorthite, magnetite, and spinel were detected
on the volcanic ash-Al,O3; specimen, which is similar to the
reactive products formed with the commercially-available
pure Al,O; @7, The sol-gel prepared Al,O; demonstrated a
promising step toward the goal of applying a protective layer
of volcanic ash to TBC at an industrial level. On the other
hand, the Al.Os; doped YSZ specimen seemed to be able to
react to the components of volcanic ash to form SiO,-CaO-
Al>O3 based compounds ¢"9), However, based on the results
of the surface roughness analysis, it was still inevitable that
volcanic ash would melt during the heat treatment. It would
be worth confirming whether sufficient protectiveness can be
achieved with a higher amount of alumina doping (i.e. yttria
depletion and volcanic ash melting issues ?). This paper has
provided an initial insight into the versatility of preparing a
volcanic ash protective layer using a wet-chemistry- (sol-gel)
based approach. Further research is needed to determine the
compatibility of sol-gel prepared Al.Os; on the YSZ coating
and to fine-tune the coating deposition method.

5. CONCLUSION
A series of characterizations was carried out on sol-gel

prepared Al,O3 to determine its behavior in reacting with

volcanic ash at a high temperature. The results showed that
volcanic ash reacts well with the sol-gel prepared Al,Os
powder, forming compounds having a higher melting
temperature than volcanic ash.

The current work has particularly led to the following
conclusions:

1. The synthesis of a high purity and crystallinity Al.O3
structure by sol-gel wet-chemistry has been confirmed
using SEM, EDX, and TEM.

2. The large surface roughness of the sol-gel prepared Al;Os-
volcanic ash specimen indicated that the melting of
volcanic ash was largely subdued at 1250 °C.

3. The overlapping regions of Si, Ca, and Al distribution in
the EDX map of the Al:Os-volcanic ash specimen indicated
the formation of SiO2-CaO-Al:Os based compounds.

4.The XRD analysis indicated the presence of
anorthite (CaAl:Si»Os), magnetite (FesO4), and spinel
(AlL75MgogssMno35:04) on the Al,Os-volcanic ash specimen,
which is similar to reactive products formed between

commercial Al,O3 and volcanic ash in the previous work @7,
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Fig. 10 Electrodynamic vibration testing machine
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