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bstract

exaluminates with magnetoplumbite structure are important high temperature ceramic materials for thermal barrier coatings (TBCs). Four
exaluminate coatings including NdMgAl11O19 (NdMA), SmMgAl11O19 (SmMA), GdMgAl11O19 (GdMA) and SrAl12O19 (SrHA) were prepared
y plasma spraying. During plasma spraying, rare earth (RE) hexaluminates are partially decomposed, resulting in the loss of MgO. For RE

3+
exaluminate coatings, the thermal cycling lifetime decreases with the reduction of RE radius, while SrHA has the shortest lifetime. The random
rrangement of the platelet-like hexagonal crystals resulted from the recrystallization during thermal cycling may reduce the bond strength of the
oatings and make a large contribution to coatings’ failure. The different thermal cycling behaviors of these coatings seem to be dependent on their
ecrystallization differences to a large extent.

2010 Elsevier Ltd. All rights reserved.
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. Introduction

Ceramic coatings are widely served as thermal, wear and cor-
osion barriers in modern industries. Wherein, thermal barrier
oatings (TBCs) are playing an important role in the devel-
pment of the next generation aerospace gas-turbine engines.
BCs provide thermal protection to the superalloy blades and
nable engines to be operated at higher gas inlet temperature,
iving rise to the improvements of the thrust-to-weight ratio,
ifetime and fuel efficiency of the aerospace engines. Currently,

TBC system consists of two layers, including a superalloy
ond coat (MCrAlY, M = Ni, Co) as the oxidation resistant layer

nd a ceramic top-coat as the heat resistant layer. The mismatch
f thermal and mechanical properties between the bond coat
nd ceramic coating is the key factor to determine the perfor-

∗ Corresponding author. Tel.: +86 431 85262285; fax: +86 431 85262285.
E-mail address: xcao@ciac.jl.cn (X. Cao).
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ycling behavior

ance of TBCs. The moderate coefficient of thermal expansion
CTE) compared to that of bond coat (∼14 × 10−6 K−1)1 and
ow thermal conductivity are the first two selection criteria of
BC candidate materials. Nowadays, plasma spraying (PS) and
lectron-beam physical vapor deposition (EB-PVD) are the two
ain methods for the fabrication of TBCs. 6–8 wt% yttria stabi-

ized zirconia (YSZ) is the state-of-the-art ceramic top-coat TBC
aterial. However, previous studies indicate that phase transfor-
ation, sintering in combination with the increase of Young’s
odulus of YSZ coating limit its application temperature below

200 ◦C.1–9

During last decades, much efforts have been devoted to
evelop new alternative TBC materials to YSZ for applica-
ions above 1200 ◦C. Zirconates with pyrochlore-type structure
RE2Zr2O7, RE = La, Pr, Nd, Sm, Eu, Gd) and perovskite-type

tructure (BaZrO3, SrZrO3),10–13 rare earth composite oxides
ith fluorite-type structure (La2Ce2O7, Nd2Ce2O7)14,15 have
een proposed as new TBC candidate materials. However, the
elative low CTEs of pyrochlore-type oxides and the poor high

mailto:xcao@ciac.jl.cn
dx.doi.org/10.1016/j.jeurceramsoc.2010.01.013
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emperature phase stability of perovskite-type zirconates impart
he thermal cycling properties of these coatings inferior to that
f YSZ coating.6

Recently, a large class of hexaluminates with mag-
etoplumbite structure whose chemical composition is
nMeAl11O19 (Ln = La, Pr, Nd, Sm, Eu, Gd, Ca, Sr; Me = Mg,
n, Fe, Co, Ni, Cu, Zn) have been proposed as new TBC
aterials.16,17 Actually, the research about LnMeAl11O19 as

aser and luminescent materials and high temperature combus-
ion catalysts can be dated back to 1980s. These oxides have
he platelet-like hexagonal grains with high aspect ratio, and
hey can be used as the reinforce phases in ceramic matrix
omposites.18–22 Such oxides have good thermochemical sta-
ility up to 1400 ◦C, making them the promising materials for
igh temperature applications. The thermal physical properties
f lanthanum magnesium hexaluminate (LaMA) and its coating
reparation have been studied by Gadow et al.23–26 The ther-
al properties of the bulk materials of some RE hexaluminates

ave also been reported by Bansal.16,17 In our former work,
he failure of LaMA coating and the thermal shock resistance
f REMgAl11O19 (RE = La, Nd, Sm, Gd) bulk materials were
tudied.27,28 As a continuing work, coatings of REMgAl11O19
RE = Nd, Sm, Gd) and SrAl12O19 with magnetoplumbite struc-
ure are prepared by plasma spraying and their thermal cycling
ehaviors are investigated in the present study.

. Experimental

Four different ceramic powders of NdMA, SmMA, GdMA
nd SrHA were synthesized by solid state reaction. Rare earth
xides of Nd2O3, Sm2O3 and Gd2O3 (99.99%) were mixed with
gO (99.2%) and �-Al2O3 (99.99%) in stoichiometric ratio,

espectively. SrCO3 (99.0%) and �-Al2O3 were selected as the
tarting materials for the synthesis of SrHA. Synthesis of these
exaluminates were carried out at 1650 ◦C for 24 h, and this
rocess was repeated for three times to obtain pure products.
he as-synthesized ceramic powders were spray-dried, and the
owders with particle size of 20–100 �m were directly used for
lasma spraying.

The four different hexaluminate coatings were prepared
y atmospheric plasma spraying using a Praxair-Tafa 5500-
000 Plasma Spray unit with a SG-100 gun. These coatings
∼330 �m in thickness) were deposited with the same optimized
arameters as listed in Table 1. Both the disk-shaped Ni-based

uperalloy and stainless-steel substrates (diameter = 30 mm,
hickness = 3 mm) were simultaneously deposited for each coat-
ng material. The superalloy substrates with a MCrAlY (M = Ni,
o, Fe) bond coat about 200 �m in thickness were deposited

w
t
s
m

able 1
lasma spraying parameters for the four magnetoplumbite oxide coatings deposition.

pray
istance
mm)

Voltage
(V)

Current
(A)

Plasma gas, standard l

20 65 626
Ar: 35.1
H2: 10.1
ramic Society 30 (2010) 1649–1657

or burner-rig tests with a coal gas flame, and the coating on
tainless-steel substrates were used for the characterization of
praying conditions. The thermal cycling test of the coating was
nished by heating the coating surface from room temperature

o 1250 ± 30 ◦C for 5 min followed by quenching for 2 min by
compressed air jet, while the substrate temperatures was at

70 ± 15 ◦C during heating. This process was repeated until a
learly visible coating surface area of 5% was lost. Infrared-
adiation pyrometer (λ = 9.6–11.5 �m) was used to monitor the
urface temperature of the coating, and the substrate temperature
as measured by a standard Pt/Pt-Rh10 thermal couple.
The microstructures of the coatings were characterized using

scanning electron microscope (SEM, XL-30 ESEM FEG,
icro FEI Philips) equipped with an energy dispersive X-ray

pectroscopy (EDS). All the coatings for SEM cross-section
nalysis were embedded in a transparent epoxy resin and pol-
shed with diamond pastes, while the surface and fractured
ross-section were directly analyzed without other treatments.
he phase analysis of coatings before and after thermal cycling
ere carried out by X-ray diffraction (XRD, Bruker D8 Advance
iffractometer, Cu-K� radiation, λ = 0.15406 nm).

. Results and discussion

.1. Thermal cycling tests

The state-of-the-art YSZ coating can be successfully
eposited by EB-PVD since Y2O3 and ZrO2 have similar vapor
ressures. However, it is difficult to produce the MgO-doped RE
exaluminate coatings by EB-PVD. The extremely high vapor
ressure of MgO leads to a serious stoichiometry deviation dur-
ng the EB-PVD process,29 resulting in a poor quality coating.
lasma spraying is an ideal process for the preparation of such
oatings. Fig. 1 shows a representative microstructure of the
lasma sprayed NdMA coating. As illustrated in Fig. 1(a), the
ross-section micrograph of the as-sprayed coating indicates that
he ceramic powder has a good melting condition during plasma
praying and the adhesion of the coating to the bond coat is per-
ect. The fine pores (size <0.3 �m) as observed in Fig. 1(a) can
e attributed to the incomplete contact between lamellae and
he microcracks arising from thermal stresses, and large pores
o “holes” are induced by imperfect layer building-up by the

elt droplets during plasma spraying. Plasma spraying is a com-
lex thermo-dynamic transformation process. Ceramic powders

ith certain size distribution were melted and accelerated by

he plasma flame, followed by rapidly impacting onto the sub-
trate to form the lamellae structure. Fig. 1(b) shows the surface
icrostructure of the as-sprayed coating. It has a rough surface

iter per minute (slpm) Carrier gas,
Ar (slpm)

Powder feed
(g min−1)

3 30



X. Chen et al. / Journal of the European Ceramic Society 30 (2010) 1649–1657 1651

dMA

w
s
i
t
p
c
t
m
s
r
i
a
G
p

c

R

o
l
v

a
a

Fig. 1. SEM micrographs of as-sprayed N

ith some partially melted ceramic powders, the lamellae and
ome open surface pores could also be observed. The quench-
ng of the molten ceramic particles from the plasma flame to
he substrate whose temperature is about 200–300 ◦C usually
roduces metastable phases. After plasma spraying, these four
oatings show different phase compositions. XRD proves that
hese coatings before and after thermal cycling have the ideal

agnetoplumbite structure. As shown in Fig. 2(a)–(c), the as-
prayed coatings keep the magnetoplumbite structure, and the
elatively weak peak intensities indicate that the crystallization

s not complete. In the XRD patterns, some peaks could be
ttributed to those of �,�-Al2O3 and REAlO3 (RE = Nd, Sm,
d). It is obvious that these MgO-doped RE hexaluminates were
artially decomposed during plasma spraying and this process

m
J
m
p

Fig. 2. Comparison of XRD patterns of coatings before and after therma
coating: (a) cross-section and (b) surface.

ould be expressed as:

EMgAl11O19 → REAlO3 + MgO + 5Al2O3 (RE = Nd, Sm, Gd) (1)

However, the characteristic peaks of MgO are not clearly
bserved in the XRD patterns, this may be due to its rather
ow content in the coatings, which also proves that it has been
aporized by the plasma flame.

Four plasma sprayed coatings were thermally cycled with
gas burner facility. After thermal cycling, the XRD patterns

s shown in Fig. 2 indicate that the crystallization is complete,

atching well with their corresponding powders and standard

CPDS cards. SrHA coating as shown in Fig. 2(d) has the pure
agnetoplumbite structure after thermal cycling and no other

hases are formed. It seems that SrHA has a higher phase stabil-

l cycling failure: (a) NdMA, (b) SmMA, (c) GdMA and (d) SrHA.
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Table 2
The thermal cycling lifetimes of the four coatings and the radius of large cations with twelve-fold coordination (data after Ref. 32).

Coatings LaMA NdMA SmMA GdMA SrHA

L 560
R 127
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ifetime (cycles) 11,970 5
adius of RE3+ and Sr2+ (pm) 136

ty than the other three oxides in the plasma spraying process.
his may be another indirect evidence for the loss of MgO in

he RE hexaluminate coatings induced by the vaporization of
gO. On the other hand, for the RE hexaluminate coatings in

ig. 2(a)–(c), the peak of (1 0 7) face is the strongest after ther-
al cycling, which is different from the LaMA coating28 and

he powders. These observations may prove that the growths of
he [1 0 7] and [1 1 4] orientations are dynamically and thermo-
ynamically favored, respectively, due to the anisotropy of their
rystal growths.

The thermal cycling lifetimes of these four coatings are listed
n Table 2. The NdMA coating has a thermal cycling life of 5560
ycles, nearly half of the LaMA coating, and it is two times
onger than those of the SmMA (2552 cycles) and GdMA (2493
ycles) coatings, and four times longer than that of the SrHA
1240 cycles) coating. During thermal cycling, failure occurred
y a large area of coating as illustrated in Fig. 3(a)–(d), account-
ng for much more than 5% of the specimen area, peeling off
n one piece instead of the coating spalling bit by bit, and this
ccurred within the last tens of cycles. The large surface cracks
ould be clearly observed in SrHA coating after failure as shown
n Fig. 3(d). All the coatings seem to have the same failure mode,

ccurring at the interface between the ceramic top-coat and the
ond coat. This can also be proved by the cross-section micro-
raphs of the coatings as shown in Fig. 4(a)–(c). The cracking

ig. 3. Surface photos of coatings after thermal cycling failure: (a) NdMA,
b) SmMA, (c) GdMA and (d) SrHA, the white dotted lines are shown as the
oundaries for the peeled areas.
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ormations of these coatings could be probably due to their rela-
ive low CTEs (9.5–9.7 × 10−6 K−1) which are almost the same
nd independent on the rare earth cations for RE hexaluminates
s reported in Bansal’s work.16 In order to study the influence
f the TGO growth (mainly the �-Al2O3 phase) on the thermal
ycling behavior, elemental distributions at the top-coat–bond
oat interfaces of NdMA, GdMA and SrHA coatings were deter-
ined and their results are shown in Fig. 5(a)–(c), respectively.
he large tablets embedded in the aperture of the interfaces are
olidified epoxy resins. The formation of TGO is not obvious,
hich is different from the LaMA coating whose TGO could
e clearly observed. This difference may be resulted from the
elative short thermal cycling lifetimes of these four coatings
ompared to that of the LaMA coating and the low oxygen dif-
usion through the magnetoplumbite oxides.23 The elemental
nalysis indicates that TGO has made a rather limited contri-
ution to the failure of these coatings, which is much different
rom the YSZ coating.

.2. Comparison of the thermal cycling behaviors of four
oatings

Thermal cycling behavior is closely related to the service
ife of the plasma spayed TBC. Therefore, owing to the thermal
ycling lifetime differences of such four coatings cannot be well
lucidated by their negligible TGO growths as well as nearly
he same CTEs, the inherent crystal chemistry characteristics of
uch hexaluminate oxides have been taken into consideration in
rder to better understand the microstructure evolutions and the
ifferent thermal cycling lifetimes of these four coatings during
hermal cycling.

Compounds with magnetoplumbite structure have the gen-
ral composition of A2+B12

3+O19. Here, just take the typical
ompound SrAl12O19 as the prototype, and the MgO-doped
E hexaluminates are regarded as its derivatives by ion sub-

titutions. It has a hexagonal structure with the space group
f P63/mmc. As illustrated in Fig. 6(a), each unit cell is com-
osed of two spinel blocks separated by two intermediate mirror
lanes. The large Sr2+ ion is located in the intermediate layer and
oordinated by twelve O2− ions (the yellow polyhedron shown
n the unit cell). There are five different crystallographic sites in
he unit cell for Al3+ ions, with the Al(2) trigonal bipyramid site,
he Al(3) tetrahedral site, the Al(1), Al(4) and Al(5) octahedral
ites. These five different crystallographic sites accommodate
he cations substitution with different ion radius. When the large
E3+ substitute for Sr2+ in the mirror planes and the Mg2+
nters the tetrahedral site which is energetically favorable as in
gAl2O4, the MgO-doped RE hexaluminates (REMgAl11O19,
E = La to Gd) could be obtained as shown in Fig. 6(b). The

eparated mirror planes containing large cations cause effective
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Fig. 4. SEM micrographs of the cross-section of the coatings

uppression of grain growth along c-axis, resulting in the magne-
oplumbite oxides whose platelet-like hexagonal crystals have
igh aspect ratio. The high specific surface areas offer these
aterials outstanding sintering resistance and widely applica-

ions in many other fields.19–22,30 Experimentally, such materials
an hardly reach a relative density above 90% by pressureless-
intered even at 1650 ◦C.

Surface and fractured cross-section morphologies of the coat-

ngs after failure are shown in Figs. 7 and 8, respectively. It
s obvious that these coatings have distinct morphology char-
cteristics under the similar thermal cycling test conditions.
y comparing the surface micrographs between the as-sprayed

t
I
c
a

ig. 5. SEM micrographs of the cross-section (left) and their corresponding line scan
dMA and (c) SrHA.
thermal cycling failure: (a) NdMA, (b) GdMA and (c) SrHA.

nd failed coatings as shown in Fig. 1(b) and Fig. 7(a)–(d),
espectively, it is interesting to find out that lots of platelet-
ike hexagonal grains seem to be in situ recrystallized from the

olten lamellae of the coatings during thermal cycling. For RE
exaluminate coatings from NdMA to GdMA as illustrated in
ig. 7(a)–(c), the gain size increases, and the sintering of the
oating becomes more serious along with the reduction of the
E3+ radius, which was also pointed out in Wang’s work that
he hexaluminate with small RE3+ has a high sintering ability.18

t could be clearly observed in Fig. 7(c), the surface of GdMA
oating has been sintered after thermal cycling, and there are
lot of equiaxed grains in its surface which is different from

ning images (right) of the coatings after thermal cycling tests: (a) NdMA, (b)
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ig. 6. Crystal structure of (a) SrAl12O19 and (b) LaMgAl11O19 unite cells with
g2+ are located in the green tetrahedron. (For interpretation of the references

ther three coatings whose surfaces have the hexagonal grains
s illustrated in Fig. 7(a), (b) and (d). The thickness of the plate-
ike hexagonal grains of these four coatings are statistically

easured from several randomly selected SEM micrographs
f both their surfaces and fractured cross-sections as shown in
igs. 7 and 8, respectively. The grain thickness distributions of

hese four coatings corresponding to their thermal cycling life-
ime and the radius of the large cations in their crystal lattices
re illustrated in Fig. 9. After thermal cycling, the average thick-

ess of the large platelet-like hexagonal grains for recrystallized
E hexaluminate coatings including LaMA are in the order:
aMA (70 nm) < NdMA (93 nm) < SmMA (201 nm) < GdMA

217 nm),28 whereas the average grain thickness of SrHA coat-

m
c
b
t

Fig. 7. SEM micrographs of the coatings surfaces after failure with the mag
rge cations located in the yellow polyhedron, giving a twelve-fold coordination,
or in this figure legend, the reader is referred to the web version of the article.)

ng is about 166 nm. By comparing Figs. 7 and 8, it could be
bserved that the platelet-like hexagonal grains in the coat-
ngs’ surfaces are larger than those in the coatings’ fractured
ross-sections. By a more careful analysis, it could be found
hat GdMA coating surface has larger grains than other coat-
ngs. While it is interesting that the grain thickness in fractured
ross-sections of GdMA coating is markedly smaller than that of
mMA coating, this may be the reason that SmMA and GdMA
oatings have similar average grain thicknesses and similar ther-

al cycling lifetimes. The morphology differences between the

oatings’ surfaces and fractured cross-sections are believed to
e induced by the different recrystallization rates resulted from
he temperature gradient across the coatings’ thickness during

nification 10,000×: (a) NdMA, (b) SmMA, (c) GdMA and (d) SrHA.
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Fig. 8. SEM micrographs of fractured cross-section of the coat

hermal cycling, and cause large standard deviations to the grain
hickness of these four coatings, especially to GdMA as shown
n Fig. 9.

Based on the above results, it seems that the radiuses of
E3+ ions strongly affect the recrystallization rates of the
agnetoplumbite-type RE hexaluminate coatings which finally

etermine their different thermal cycling lifetimes. Under sim-
lar thermal cycling test conditions, the smaller the radius of
E3+, the higher recrystallization rate of the coating and the

horter of the coating’s thermal cycling lifetime. Actually, one
mall thin platelet-like hexagonal grain could be taken as the
ingle crystal of such magnetoplumbite-type oxides. The high
spect ratio of the single crystal is induced by the lowest growth

ate of the [0 0 0 1] orientation, whose growth rate is restrained
y the separated mirror planes containing large cations as shown
n Fig. 6(a) and (b). Hartman and Perdok’s PBC (Periodic Bond
hain) theory indicates that the F (flat) face which has the low-

ig. 9. The thickness of plate-like grains of these four coatings after thermal
ycling corresponding to their thermal cycling lifetime (by cycles) and the radius
f the RE3+ cations, together with LaMA coating from our former work. #Note:
he number over the symbol � inside the figure is the increase of grain thickness
pm) per thermal cycle.
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fter failure: (a) NdMA, (b) SmMA, (c) GdMA and (d) SrHA.

st average attachment energy has the lowest growth rate, and
etermines the final morphology of the crystal growths. The
alue of the attachment energy could be calculated as the total
ond energy of all the chemical bonds among the atoms located
n such a face, and the bond energy can be calculated with equa-
ion of E = z1z2e2/r according to the electrostatic point charge

odel.31 As reported in Xu’s work the (0 0 0 1) face of LaMA
ingle crystal has the lowest attachment energy and the lowest
rowth rate leading to the formation of platelet-like hexagonal
rystal in the end.31 Based on this theory, the different attach-
ent energies of their (0 0 0 1) faces for all REMA (RE = La, Nd,
m, Gd) oxides, which ultimately come down to the different
ond energies between the RE3+ and O2− ions in the twelve-
old coordination polyhedron due to the same of the number and
inds of chemical bonds in combination with the atoms’ crystal-
ographic sites of such oxides, may be the inherent factors that
etermine these coatings’ different recrystallization rates and
nal platelet-like grain thickness after failure. By qualitatively

aking the bond energy E = z1z2e2/r into consideration, it is not
ifficult to find out that E for REMA (RE = La, Nd, Sm, Gd)
s in the order of ELaMA < ENdMA < ESmMA < EGdMA, since the
arameters z1, z2 and e are constants, the only variable r, the
ond length between the RE3+ and the O2− ions, is gradually
educed due to lanthanide contraction from La to Gd. The ten-
ency that the cell parameters (both a and c) gradually decrease
rom LaMA to GdMA has been proved in Kahn’s work19 and our
ormer work.27 As a result, it could be concluded that the attach-
ent energy of the (0 0 0 1) face gradually increases from LaMA

o GdMA due to the change tendency of bond energies, and then

he growth rate of (0 0 0 1) face increases with the reduction of
E3+ radius, thus the larger the RE3+ radius, the thinner the final
verage grain thickness for such RE hexaluminate coatings after
hermal cycling failure as illustrated in Fig. 9.
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Fig. 10. The typical morphology evolution of plasma-sprayed

SrHA coating has a high grain growth rate and the short-
st thermal cycling lifetime. As illustrated in Fig. 9, the
ncrease of average grain thickness per thermal cycle for these
our coatings and LaMA coating is: LaMA (5.85 pm) < NdMA
16.73 pm) < SmMA (78.76 pm) < GdMA (87.04 pm) < SrHA
133.87 pm).28 The experiment results indicate that a lower bond
nergy between Sr2+ (144 pm) and O2− has not impart a lower
rain growth rate of the SrHA coating compared to that of RE
exaluminate coatings during thermal cycling due to the specific
rystal chemistry characteristics of SrHA cell such as the kinds
f the atoms etc. As discussed above, RE hexaluminates could
e taken as the derivatives of the SrHA oxide, the substitutions
f RE3+ for Sr2+ and Mg2+ for Al3+ in the SrHA unit cell could
ead to the formation of RE

•
Sr and Mg′

Al defects,30 the lattice
efect reaction could be expressed as:

E×
RE + Mg×

Mg → RE
•
Sr + Mg′

Al (2)

Actually, the grain growth of hexaluminates with magneto-
lumbite structure are controlled by the diffusion rate of the
arge cations in the intermediate mirror planes, the radius and
alence of the ions, together with the lattice defects would be the
mportant factors to affect their diffusions. Therefore, the lower
alence of Sr2+ than that of RE3+ and the relative less lattice
efects in the SrHA lattice would be the main reasons for its fast
rowth rate of the platelet-like hexagonal grains, and its coating
as the shortest thermal cycling lifetime.

The typical morphology evolution of hexaluminate coatings
uring thermal cycling is illustrated in Fig. 10A–D. The growth
nd rearrangement of platelet-like hexagonal grains during ther-
al cycling could offer the coating a larger porosity, resulting

n a high strain tolerance, high thermal insulating efficiency
nd longer thermal cycling lifetime. As shown in Fig. 4(a)–(c),
he vertical and horizontal microcracks could be observed in
he coatings’ cross-sections after failure. The microcrack turn-
ng and extending give rise to the release of residual stresses,
nhance the coatings’ toughness, and then lead to the improve-
ents of the coatings’ performance. On the other hand, by a

areful analysis of the micrograph as shown in Fig. 4(c), more

ertical and horizontal microcracks could be observed in SrHA
oating, this may be due to its fast growth rate and more random
rrangement of the platelet-like hexagonal grains that contribute
o the microcrack turning. In the recrystallization process dur-

t
c
b
g

ings with magnetoplumbite structure during thermal cycling.

ng thermal cycling, small platelet-like hexagonal grains are
rstly formed, and then some of them would rearranged along

heir (0 0 0 1) faces to reach a lower energy position.20,33,34 As
hown in Fig. 8(a)–(d), some large platelets with a lot of small
latelet-like grains located inside could be found in the fractured
ross-section micrographs, which also happened for the LaMA
oating.28

However, the appearance of pores resulted from the platelet-
ike microstructure of the coating would inevitably reduce the
ond strength between the ceramic top-coat and the bond coat,
aking some contribution to the coatings failure. This may be

nother mortal factor leading to the failure of the hexaluminate
oatings except the CTE mismatch between the ceramic coat-
ng and the bond coat. Moreover, this effect would be more
rominent with the increase of gain growth rates resulting from
ecrystallization, and this may be the main factor that deter-
ines the much different thermal cycling lifetimes of these four

oatings.

. Conclusions

MgO-doped RE hexaluminate coatings REMgAl11O19
RE = Nd, Sm, Gd) with magnetoplumbite structure have longer
hermal cycling lifetimes than SrHA. During thermal cycling,
he in situ recrystallization and rearrangement of platelet-like
exagonal grains from the molten lamellae of the coatings lead
o the formation of a large porosity, low thermal conductivity,
igh strain tolerance, high sintering resistance of these hexalu-
inate coatings and accordingly result in good thermal cycling

roperties. No obvious TGO formation was observed in these
oatings after thermal cycling. Apart from the factors such as
heir relatively low CTEs compared with that of bond coat, the
ecrystallization and sintering of the as-sprayed coatings during
hermal cycling would weaken the bond strength of the coating,
nd these may be very important factors for coatings failure.

The thermal cycling lifetime differences of these coatings
eem to be strongly dependent on the gain growth during thermal
ycling. For the RE hexaluminate coatings, the larger the radius
f RE3+, the lower the grain growth rate and the longer the

hermal cycling lifetime. SrHA coating has an inferior thermal
ycling lifetime to the RE hexaluminate coatings, and this may
e induced by the faster growth of the platelet-like hexagonal
rains than that of the RE hexaluminates.
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