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Abstract: Thermal barrier coatings (TBCs) are widely used in the hot-section components of gas-turbine engines to allow operation at
higher temperatures (> 1200 “C), which has created some new issues. One issue is the spallation and premature failure of TBCs
caused by calcium-magnesium-alumino-silicate (CMAS) deposits, which arise from entry of siliceous debris such as fly ash, sand,
dust, and volcanic ash into engines. Since 1953, over 130 jet aircraft have encountered volcanic ash clouds, with varying degrees of
damage and endangering the lives of many passengers. The 2010 eruption of Eyjafjallajokull volcano in Iceland led to the most severe
air-traffic disruption since World War II. The operational response produced economic losses approaching 1.7 billion. When these
debris enter the hot-section airfoil, they melt and are accelerated from low speed (~15 m/s) to near supersonic speed (~300 m /s),
impacting and adhering to the TBC surface. Even with only a few molten silicate ash droplets adhering to the surface of hot-section
airfoils, an initial deposit layer can form and large melt pockets (several cubic centimeters in volume) can accumulate. Such deposits
can 1) block cooling holes and air flow paths, and 2) react with the top coating of hot-section airfoils. Furthermore, adhering droplets
infiltrate the interior of TBCs under capillary forces. Due to the thermal gradient and thermal cycling, the infiltrated CMAS solidifies
and fills in the microcracks, pores, and grain boundaries, resulting in loss of strain tolerance and increased coating stiffness. For
traditional 7-8 wt.% yttria-stabilized zirconia (YSZ) material, chemical reaction with CMAS destroys the phase and structure stability.
YSZ grains dissolve and Y-depleted ZrO, grains precipitate due to the relatively low solubility of Zr** compared with Y** in melted

CMAS. Upon cooling, the newly formed grains transform from tetragonal (t) to monoclinic (m) phases, accompanied by a 3%—4%
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volume expansion. As turbine inlet temperatures improve and industry production grows, TBCs are suffering from severe CMAS
corrosion. This issue limits further application and development of TBCs; enhancing anti-corrosion performance of TBCs has become
a concern. Herein, we compare the room-temperature and high-temperature properties of different CMAS and study the failure
mechanism of TBCs exposed to CMAS. We also determine the most effective CMAS protection method. The results show that the
chemical compositions, especially the Ca:Si ratio, of CMAS such as volcanic ash, dust and sand are different, further affecting their
high-temperature viscosities and melting behaviors. With infiltration of molten CMAS toward the coating interior, chemical reaction
occurs between them, resulting in instability of the coating microstructure and properties, and failure. Significant methods including
inert-layer, rare-earth doping and novel materials have been proposed to improve the CMAS corrosion resistance of TBCs. The

research and future development directions of CMAS corrosion and protection are proposed, providing a reference for design of novel

TBCs.

Keywords: advanced aero-engines; thermal barrier coatings(TBCs); calcium-magnesium-alumino-silicate(CMAS);

corrosion protection
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Fig. 1 Characteristic temperatures of volcanic ash samples?¥. (a) Geometrical definition of four characteristic temperatures

in the volcanic ash melting process; (b) Distribution of the four characteristic temperatures for the nine volcanic ash, ordered

as a function of SiO, content; (c) Typical behaviour observed during a test, here with Grimsvétn’s volcanic ash, along with

(d) Back-scattered electron images of corresponding microstructures of the volcanic ash at the four characteristic temperatures.
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Fig.2 Characteristic temperatures of CMAS samples>”. (a) Schematic illustration of geometrical definition of four characteristic

temperatures throughout the ash melting process; (b) Comparison of characteristic temperatures for CMAS, volcanic ash and fly ash;

(c) Temperature difference between DT and FT of three silicate ash samples.

JiHl CMAS 71 TBCs R IHZE 1 — M i sh
B B (2 ik B PAIRES . HRIRS SRR 9K
Je B AT % o MULLER Z5CRF5E T 5 Fh il R
7t TBCs RIMPEMRE AT N, 2RRUEAER S
L 280 S ) E Al 1 5 PR 2% . GIORDANO 258
TP K KL RE i R R R B, IR T
28 B PR B PO T ——GRD 2 8Y . B 5T
(% N, FLUEGELPYfI BALE 2P m %k @ T
Fluegel 5 7F1 FactSage #1455 H T AR % B 7all
WIESNER 2594 1% 17 4 Xisr b 23.3Ca0-6.4MgO-
3.1A10, 5-62.5Si0,-4.1Na,0-0.5K,0-0.04Fe,0; ] CMAS,
35K GRD #5784 . Fluegel #5# fll FactSage #f4:
TN EG B, JF 5 S bl S BEAT X L. 4 SRR
Fluegel #iMUFI1 FactSage A4 1 SlIIAE 25 A HEAF o
WU P 7 ik . KRR T4 i CMAS [
R PONAE K SE BRI A, UFSE GRD BIALEH T
AR AR E AR K, T FactSage #4 IiE HH T
BTN B N T4 i CMAS.,

SeBr b, JEL CMAS IREE A — A AR
1, %235 TBCs 2 ML v \@EFH
gE IR IR . B CMAS 1 CaO 5 MgO [
WRE Sy ZeHREE AN, CMAS [, WA
Si0, HIIAE M RE WL, CMAS B %
/NB3O MULLER 2P/ 5% 2 8] YSZ il GdaZr,04
R R 2 B AR DO LR ISR OB o 594k, CMAS
(IR X RE AR A A BB, BEAEIELRE PR 1250 CF g
251400 °C, FhiFEFh~0.75 MR/ E ~0.2 Pa « s,
GUO YRI5 T CMAS 48 8= rab i, R
PRAGIRSEAR T 1050 “CHY, F=4) 324 B WA F B Bk

WA TR RGN, O KA AR A . R
KR, BEE AR, S5 IR i
A ERCAANES KA. E S P T L
BEAR CMAS JEARIKIREE -

2 TBCs [ CMAS J&E4T R

AR TALRA ARSI, K
R CMAS kIR E 2, ST 2 aenE
Bz —. PR RG0!, H 20 4 80
ALK, B 150 AL M EHIE KiTat it
WENKILIK 7 B, 3 R B R ) 240
2010 “E¥K & Eyjafjallajokull K 1L & 4Bk 4512
GV ™ R, ERA TR 20 1238
g, 2022 1 A, BINKIIZ IR, KKK
INAIE N RA)Z S d A o S A8l A e . 1
Bt K LK B R TR B, AERATAS MG & 52 23—
S, W TREN Y, RIHX. N5
5 Y LR 5 97 B A b X 3 A AT BT R K
FLRCHAR TR by [ T AR 27.2%, TRk %
RASEZEL AT, CMAS ) 857 4 70

TBCs 7t il 25 i # vp 2 5 | N AL R TR G055 ik
B, — 7 AT AR s 2 BB B Be 0, B — 5 T
LR 2 T RGETEBE . AR, %S I
filt CMAS & defit 7R, A mind 1= R R17%
SR BRI, [H R ETTRE T IS . CMAS
Y5 TBCs WIAI AR FAHGEE oG . RGP Tl e
BB R N S — R, SONG 251
FH R RS & TR B AR T Kl KR 7 1



55 x ¥,

S U R HLIARR 1) CMAS Ji il 5 B i oot i 5

TBCs I 447, iE 5 TBCs TS5 R T
UK BT S A SB35 S, JF s SRR T 5 3
TRL T (RS 2% . YANG 25 b 7 kil K e
EB-PVD il APS {2 W B IKBE %, 45 R &I

Melts center
|

(a)

Infiltration

10' min &

© j

) B
y % &

©

10 min

Melts fullt-spread area

f

T

Lateral flow aréa
|

RNy ARIDYIr Y <3 D QI I =R S
% (B 3). ZHANG IR X2 b7 244t
ARG T 1Rl CMAS 78 TBCs W23, IF S2IK
R BMERAEE D).

Melts center

Infiltration

TRLLI

[ateral flow

e
~

10" min

=
=

102 min

=

10% min

at
Melts mll! spread lue \

Melts concentration area

(OB Surface topography

g

g By

f=}

— L ater: \] ﬂ OW area

A A
‘ Ll |

: I "
Melts concentration area | Melts fullt-spread area |

31200 CHAF R KIKSALE APS Al EB-PVD ¥Rz 3 0SB (1) 178 8 . #HHT SEM R A Si ot 3240 Aii )
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(d) TEM and SAED analysis for phase identification.
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Fig. 7 Non-wetting behavior of hexagonal-boron nitride
(h-BN) thin film substrate®"). (a) Eyja glass shard before
thermal treatment on 4#-BN thin film substrate; (b) Real time
photograph of the molten Eyja at 1 250 °C, in-vacuo condition;
(c) Sequential in-situ silhouette morphological transition of

the irregular shard to a sphere from 25 C to 1250 C;

(d) Photographs showing the non-wetting behavior (left) and
non-adhesion property (right) of solidified melt

on the surface of #-BN substrate.
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Fig. 8 Macroscopic wettability of molten CMAS deposits on
various TBC surfaces®®. (a) Side view of the high-temperature
contact angle system and sessile drop method including the
sample assembly of CMAS and TBC at room temperature;
(b) Actual photograph of sample assembly before heating;
(c) Sample assembly during heating at approximately 1 250 C;

(d) In-situ observation of a sequence of states of CMAS

(non-wetting / wetting) on PS-PVD, APS, EB-PVD, and
bulk-YSZ TBC surfaces; (e) Quantification of contact angles of
molten CMAS on PS-PVD, APS, EB-PVD, and bulk-YSZ TBC

surfaces; (f) [llustration of melt-phobic behavior on TBC

surface possessing micro-nano protuberances.
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