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bstract

anthanum magnesium hexaluminate (LaMgAl11O19, LMA) is an attractive material for thermal barrier coatings (TBCs), and the failure of its
oating was studied in this work by thermal cycling, X-ray diffraction, dilatometric measurement and thermal gravimetric-differential thermal
nalysis. The dilatometric measurement indicates that even though the bulk material of LMA has a higher sintering-resistance than the typical TBC
aterial, i.e. yttria-stabilized zirconia (YSZ), the plasma sprayed coating of LMA has two serious contractions due to the re-crystallization of LMA
nd phase transitions of alumina. LMA has similar thermal expansion behaviour with alumina, leading to a good thermal expansion match between
MA and the thermally grown oxide layer. On the other hand, the plate-like structure of LMA not only results in a low thermal conductivity, low
oung’s modulus, but also a high stress tolerance, and these are believed to be the reasons for the long thermal cycling life of LMA coating.
2008 Elsevier Ltd. All rights reserved.
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. Introduction

TBCs find an increasing number of applications to protect
igh-temperature metallic components. TBCs are deposited on
ransition pieces, combustion lines, first-stage blades and vanes,
nd other hot-path components of gas turbines either to increase
he inlet temperature with a consequent improvement of the
hermal efficiency or to reduce the requirements for the cool-
ng system.1 The selection of TBC materials is restricted by
ome basic requirements, including high melting point, phase
tability between room temperature and operation temperature,
ow thermal conductivity, chemical inertness, thermal expansion

atch with the metallic substrate, good adherence to the metallic
ubstrate, and low sintering rate of the porous microstructure.1,2

No single material satisfies all these criteria. The best com-

romise among these requirements is presently offered by the
artially stabilized zirconia containing 7–8 wt% Y2O3 (i.e.
.0–4.6 mol% Y2O3) on a MCrAlY bond coat, deposited either

∗ Corresponding author. Tel.: +86 431 85262285; fax: +86 431 85262285.
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hermal barrier coatings

y plasma spraying or by electron beam-physical vapour depo-
ition (EB-PVD).1 A major disadvantage of yttria-stabilized
irconia (YSZ) is the limited operation temperature of 1200 ◦C
or long-term application. At higher temperatures, phase trans-
ormations from the t′-tetragonal to tetragonal and cubic
t + c) and then to monoclinic (m) occur, giving rise to the
oating failure.2,3 The search for new materials that can with-
tand higher gas-inlet temperatures was intensified within
he last decade. La2Zr2O7 has been proposed as a candi-
ate of TBC material.2,4–6 It has a cubic pyrochlore structure
hich has been discussed in detail by Subramanian et al.7

ompared with YSZ, it has a lower thermal conductivity
1.56 W m−1 K−1 for La2Zr2O7, 2.1–2.2 W m−1 K−1 for YSZ,
ulk materials, 1000 ◦C), lower thermal expansion coefficient
(9.1–9.7) × 10−6 K−1 for La2Zr2O7, (10.5–11.5) × 10−6 K−1

or YSZ, bulk materials and coatings, 30–1000 ◦C) and lower
intering ability. However, its single layer coating has a very

hort life due to its low thermal expansion coefficient and low
racture toughness,8 and the life could be improved if a dou-
le ceramic-layer coating of La2Zr2O7 with 8YSZ was applied,
specially for the high temperature application.9,10

mailto:xcao@ciac.jl.cn
dx.doi.org/10.1016/j.jeurceramsoc.2008.01.023
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Lanthanum magnesium hexaluminate (LMA) is an impor-
ant ceramic material for high temperature applications such as
ctive elements of solid-state lasers,11 combustion catalyst and
atalyst support,12,13 and TBC material.14–18 It possesses long
erm structural and thermochemical stabilities up to 1400 ◦C,
nd has significantly lower sintering rate than the zirconia-based
aterial. The low thermal conductivity of LMA is caused by

ts microstructure, i.e. a random arrangement of LMA platelets
hat build up a microporous coating and the insulating prop-
rties of the material with its crystallographic feature itself. A
tudy describing the development of an optimized procedure for
he processing, manufacturing and application of LMA as TBC

aterial has been reported by Gadow.16

It is generally accepted that thermal expansion mismatches
etween the top ceramic coat and metallic bond coat and TGO
re the strongest factors for coating failure.19,20 TGO is com-
osed of mainly alumina (Al2O3), some chromia (Cr2O3) and
pinel (NiAl2O4). At the early stage of thermal cycling, the
op ceramic coat contacts directly with the bond coat, and the
hermal expansion mismatch plays the most important role in
etermining the thermal cycling life of TBCs. When the bond
oat is oxidized and the TGO thickness reaches a critical value
8–10 �m for 8YSZ TBC21), the swelling of TGO would lead
o the coating failure.

Gadow and co-workers have reported the basic thermome-
hanical properties of LMA and the preparation of its coating
y plasma spraying.14–18 In this work, the thermal stability and
ailure of LMA coating were studied.

. Experimental

Main chemicals used in this work were La2O3 (99.99%,
uangdong Chenghai Sanxing Chemicals Co., Ltd.), MgO

99.2%, Wuxi Zehui Chemicals Co., Ltd.) and �-Al2O3
99.99%, Tangshan Haigang Huatai Functional Ceramic Mate-
ials Co., Ltd.). The starting powder for the plasma-sprayed
MA coating was synthesized by solid-state reaction. The pow-
er mixture of La2O3, MgO and �-Al2O3 in proper ratio was
eated at 1600 ◦C for 6 h. The as-synthesized LMA powder was
ixed with water and Gum Arabic, followed by ball-milling
ith zirconia balls (Tosoh). When the grain size of LMA in the

lurry was smaller than 1 �m, the slurry was spray-dried (GZ-
, Yangguang Ganzao). The free-flowing powder with particle
ize between 20 and 100 �m was collected and used directly for
lasma spraying without other treatments.

The plasma-sprayed coatings were produced by atmospheric
praying with a Praxair-Tafa 5500-2000 Plasma Spray unit with
r–H2 as plasma gas. Before the plasma spraying, the substrate
as heated to 300–400 ◦C with the plasma flame. LMA coat-

ng (thickness ∼300 �m, ∅30 mm) for burner-rig test was made
y plasma spraying on a superalloy substrate with a MCrAlY
M Ni, Co, Fe) bond coat. The disk-shaped substrate had a
hickness of 3 mm and a bevelled edge to minimize the effect of

tresses originated at the free edge of the specimens. The test was
arried out with a coal gas flame whose temperature was higher
han 1700 ◦C. The sample surface was cycled from room tem-
erature to 1250 ◦C (bond-coat temperature 970 ◦C) for 5 min

A
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c
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ollowed by quenching to room temperature within 2 min by a
ompressed air jet, each cycle lasted 7 min. The surface temper-
ture was monitored with a long wavelength infrared-radiation
yrometer KT1599II (Heitronics, spectral range 9.6–11.5 �m)
hose emissivity was set to be 0.86,22 and the bond-coat temper-

ture was measured with a standard Pt/Pt–Rh10 thermal couple.
he powder for 8YSZ coating was 204NS from Sulzer Metco.

The coating microstructure was studied by scanning electron
icroscope (SEM, XL-30 ESEM FEG, Micro FEI Philips). The

hermogravimetric-differential thermal analyses (TG-DTA) of
MA coating were performed simultaneously on a thermoana-

yzer (TA SDT 2960) in air atmosphere with a heating rate of
0 ◦C min−1. The dilatometric measurement of LMA coating
as carried out with a high-temperature dilatometer (Netzsch
02C). During the dilatometric measurement, a small piece
f coating (1.3 mm × 5 mm × 25 mm) was heated from 35 to
400 ◦C with a heating rate of 5 ◦C min−1 and then held for 10 h
ollowed by cooling down to room temperature. The coating
or the dilatometric and Young’s modulus measurements was
repared by plasma spraying of LMA powder on a graphite sub-
trate, followed by cutting and heating up to 700 ◦C for 1 h to
urn off graphite. The sample for TG-DTA was prepared by
brading the graphite substrate without any heat treatment. The
ample dimension for Young’s modulus measurement (Instron

odel 1121) was 1.3 mm × 5 mm × 35 mm.
In order to study the chemical stability of LMA against TGO

t a temperature when the coating was used, a mixture of Al2O3
nd LMA in a molar ratio of 50:50 was ball-milled with a high-
nergy milling machine until the grain size was smaller than
�m. The mixture was then heated at 1300 ◦C for 24 h, and
-ray diffraction (XRD, Rigaku D/Max-IIB Diffractometer, Cu
� radiation) was applied to analyze the final product. Coatings
ithout polishing were used directly for XRD measurement.
Fourier transmission infrared spectra (400–4000 cm−1,

ruker Vertex 70 FTIR) of LMA powder and its coatings were
easured with KBr as the solid solvent. Before the measure-
ent, LMA coatings were crashed into fine powders and dried

t 110 ◦C for 1 h under vacuum.

. Results and discussion

.1. Failure of LMA coating

Gadow and co-workers have reported the synthesis of LMA
y means of sol–gel.16–18 In this work, a solid-state method
as applied to synthesize LMA on a large scale, which is more

onvenient than sol–gel. After being heated at 1600 ◦C for 6 h,
he formation of LMA was completed, and the plate-like struc-
ure was observable as shown in Fig. 1. The platelet looks very
ense and has a thickness of 1–2 �m. The plate-like structure is
elieved to be the reason for its low thermal conductivity.16

One LMA coating was tested with a gas burner facility for
1,970 cycles, corresponding to a total heating time of 998 h.

small spallation was observed at the coating edge after about

1,000 cycles, and after 11,970 cycles a large piece of coating
eeled off as shown in Fig. 2. The thermal cycling life of LMA
oating is close to that of the typical coating material 8YSZ
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Fig. 1. Morphology of LMA powder calcined at 1600 ◦C for 6 h with low magnification (a) and 1650 ◦C for 6 h with large magnification (b).
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ig. 2. LMA coating before (a) and after (b) thermal cycling. The dashed line o

nder a similar test condition. The black spots on the coating
urface (see the bottom and left side of Fig. 2b) are induced by
he contamination of metallic oxides from the sample holder of
he test facility.

The microstructure of LMA coating surface after thermal
ycling is shown in Fig. 3. The surface looks porous, and the
latelets whose thicknesses are between 50 and 80 nm are clearly
hown in Fig. 3c, the thickness is much smaller than that of the
alcined powder as shown in Fig. 1b. The temperature of plasma
ame is about 15,000 ◦C. During plasma spraying, the powder

s instantly molten and cooled immediately when the molten

roplet leaves the flame, and the cooling rate is estimated to be
igher than 106 K s−1.23 The thin platelet of LMA coating is an
ndication of nonperfect crystallization during plasma spraying.

c
d
a

ig. 3. SEM micrographs of LMA coating surface after thermal cycling with differe
f (b).
shows the cutting direction of the coating for microstructure analysis by SEM.

The cross-sectional microstructures of LMA coating after
hermal cycling are shown in Fig. 4. The coating cracked mainly
t the interface between the coating and bond coat, and the large
ertical crack could also be observed at the bevelled edge under
large magnification as shown in Fig. 4a. The coating at the

evelled edge is in the state of tensile stress, and this is usually
he place where the failure begins. The microstructures in detail
f LMA coatings before and after thermal cycling are compared
n Fig. 5. Before thermal cycling as shown in Fig. 5a, the coating
hows a porous and typical structure of the plasma sprayed coat-
ngs, and the thickness is about 330 �m. The binding of LMA

oating to bond coat looks perfect, showing a good melting con-
ition of LMA powder in the plasma flame. After thermal cycling
s shown in Fig. 5b, the coating thickness is slightly reduced to

nt magnifications: (a) 102×; (b) 104×; (c) (8 × 104)×, the selected location A
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Fig. 4. SEM micrographs of the cross-section of LMA coating after thermal cycling: left edge of the coating with a magnification of 200× (a), central part (b) and
right edge (c) with a magnification of 50×.
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ig. 5. SEM micrographs of the cross-section of LMA coating center before (a) a

00 �m, and the coating looks a little bit denser than that before
hermal cycling. The microstructure of the interface between
ond coat and LMA coating is clearly shown in Fig. 5c. It is
nteresting that TGO is not so obvious as normally observed
n YSZ coating, and the crack mainly occurs at TGO which is
imilar to the failure mode of the coating made by EB-PVD.24

t is well-known that the spallation of the plasma-sprayed YSZ
oating usually occurs at the YSZ side which is a few microns
way from and parallel to TGO layer,25 and therefore TGO is
till perfect even after the spallation.

The elemental distribution at the interface of LMA coating
nd bond coat was analyzed by means of EDS (energy dispersive
pectroscopy), and the results are shown in Fig. 6. As expected,

GO is rich in O and Al. The high contents of O and Al extend to
distance of approximately 20 �m from TGO towards bond coat

see the left side of the black square in Fig. 6b), implying that
ond coat has been deeply oxidized during the long-time thermal

L
i
f
r

ig. 6. SEM micrograph of the cross-section (a) and the corresponding elemental analy
fter thermal cycling. The black square highlights the location where O, Mg, Al, Y a
oat and LMA.
r (b) thermal cycling. (c) The selected location B of (b) with large magnification.

ycling. On the other hand, on the right side of TGO (see the
ight side of the black square in Fig. 6b), the high content of

extends to a distance of approximately 10 �m towards LMA
oating, but this location is poor in La and Mg. It seems that
thin layer of oxides containing mainly O, Y, Al and some La

nd Mg was formed between TGO and LMA during thermal
ycling. The formation of this oxide layer must be a result of
elective oxidation of alloying elements in bond coat whose main
omposition is MCrAlY (M Ni, Fe, Co). It seems that Y diffuses
ut and “penetrates” TGO layer during thermal cycling. Both Y
nd La belong to the rare earth group, and they have very similar
roperties and ionic radii, therefore, it would be easy for La in
MA to be substituted by Y when Y diffuses out and reaches the

MA side. It has also been observed in Toscano’s work that the Y

ncorporation into TGO is also an important lifetime governing
actor of TBC which results in an increase of the TGO growth
ate and in parallel in a decrease of the Y content in the YSZ

sis by EDS (b) for LMA coating which is still perfect without serious spallation
nd La are concentrated; the white dashed line shows the border between bond
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ig. 7. Comparison of XRD patterns of LMA coating before and after thermal
ycling.

oating.26 If the Y concentration is reduced beneath a critical
evel, its positive effect on TGO adherence is lost, resulting in
GO spallation.

The plasma sprayed coatings of LMA and 8YSZ which were
repared under the same coating parameters were tested with
nstron Model 1121 for the measurement of Young’s modu-
us. The porosities of these two coatings are between 10% and
0% as measured by Archimedean method. LMA coating has a
lightly lower Young’s modulus (8.65 GPa) than 8YSZ coating
8.91 GPa) as expected.

.2. Phase stability of LMA coating

The XRD patterns of LMA coating surface before and after
hermal cycling are compared in Fig. 7. Except for a few weak
eaks as marked in the pattern, the plasma sprayed coating before
hermal cycling shows the typical pattern of LMA, but its inten-
ity is low, indicating that crystallization is not perfect owing
o the fast cooling rate plasma spraying. After thermal cycling,
he re-crystallization is finished, and the peaks are highly inten-
ified. On the other hand, a lot of weak peaks are observed
efore thermal cycling, they are intensified after thermal cycling,
nd these peaks are correlated to LaAlO3, MgO and �,�,�-
l2O3. As reported in our former work,27 with La2O3, MgO

nd Al2O3 as the starting materials, the intermediate product
as LaAlO3 below 1400 ◦C, the formation of LMA was finished

bove 1500 ◦C and pure LMA could be obtained at 1600 ◦C
or 6 h. The existences of LaAlO3, MgO and �,�,�-Al2O3 in
he coating indicate that LMA was partially decomposed dur-
ng plasma spraying due to the extremely high temperature of
lasma flame. During thermal cycling of the coating, the tem-
erature of coating surface was below 1300 ◦C which was much
ower than the formation temperature of LMA, therefore, these

ecomposition products still existed in the coating even though
he coating was thermally cycled. On the other hand, the peak
107] is the strongest before thermal cycling and the peak [114]
ecomes the strongest after thermal cycling, implying that the

a
H
t
t

Fig. 8. FTIR spectra of LMA powder and its coatings.

rystal direction [107] is the most favoured during the fast crys-
allization. Fig. 7 also shows that �,�-Al2O3 has transformed to
-Al2O3 during thermal cycling. The plasma-sprayed coating of
lumina usually contains mainly �-Al2O3 and some �,�-Al2O3,
he phase transitions of � → � and � → � occur at 1000 ◦C
nd 1100 ◦C, respectively.28–30 The phase transition of � → �
s companied by a volume expansion,28 and the net shrinkage
f the process � → � is about 2%.29 Both coatings of silica
nd alumina have re-crystallization or phase transition above
000 ◦C. The re-crystallization or phase transition would make
erious contractions and cracks for their coatings, and this is the
ain reason that they can not be used as TBC materials for the

pplications above 1000 ◦C.31 Even though LMA coating has
e-crystallization and phase transition above 900 ◦C, but it still
as a long thermal cycling life, indicating that LMA has a high
tress tolerance due to the platelet structure.

FTIR spectra in the range of 400–1600 cm−1 are shown in
ig. 8. In the range of 1600–4000 cm−1, no absorption peaks
ere detected except those of CO2 and H2O, and the results

n this range are not shown here. By comparing the standard
pectra of La2O3, MgO and Al2O3, the absorption peaks of LMA
owder are indexed as shown in Fig. 8. Those peaks are strong
nd sharp. However, the absorption peaks of the coating before
hermal cycling are weak and broadened, showing a character
f nonperfect crystallization which is consistent with the XRD
esult above. After thermal cycling, the re-crystallization was
nished and its spectrum is very similar to that of the powder.
he coatings have a strong peak at 1095 cm−1 where it is very
eak for the powder, this may be induced by the decomposition
roducts of the coating, such as LaAlO3 or Al2O3.

The dilatometric measurements of the plasma sprayed coat-
ngs of LMA and 8YSZ are compared in Fig. 9. For the bulk

aterial of LMA which was prepared by solid state method,
he averaged thermal expansion coefficient between room tem-
erature and 1400 ◦C is 9.1 × 10−6 K−1, this value is close
o that of Gadow (10.1 × 10−6 K−1).15 Below 885 ◦C, LMA
oating expands with the increase of temperature, resulting in

−6 −1
n averaged thermal expansion coefficient of 7.3 × 10 K .
owever, LMA coating has two serious contractions in the

emperature ranges of 885–1010 ◦C and 1134–1335 ◦C, respec-
ively. Above 1335 ◦C and after being sintered at 1400 ◦C for
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ig. 9. Dilatometric measurements of LMA bulk material and the plasma
prayed coatings of LMA and 8YSZ.

0 h, the coating contracts for only 0.051% which is much lower
han that of 8YSZ coating (0.137%). The net shrinkage of LMA
oating after the dilatometric measurement is 0.25%.

In order to understand the reason for the thermal con-
raction, the thermal gravimetric-differential thermal analyses
TG-DTA) were carried out with a small piece of LMA coat-
ng and the result is shown in Fig. 10. The coating shows
hree steps of weight loss starting at 107, 410 and 524 ◦C,
espectively, leading to a total weight loss of approximately
.6%. The first loss could be attributed to the loss of the
dsorbed moisture. The most possible reason for other two
teps is the loss of OH species at elevated temperatures. In air
tmosphere and at high temperature, the oxide ceramic reacts
ith H2 and the formation of OH species in the plasma flame

Ar–H2) is possible. Except for the alkaline metallic hydroxides,
he decomposition of other hydroxides usually occurs below
00 ◦C. For example, the decomposition temperatures of OH
pecies in La(OH)3, Mg(OH)2 and Al(OH)3 are 350–580 ◦C,32

50 ◦C33 and 300–420 ◦C,33,34 respectively. The decomposition
f carbonate-containing species occurs at some higher tempera-
ure, for example, 670–810 ◦C for La2(CO3)3

32 and 350–900 ◦C
33
or Mg(OH)2·MgCO3. OH species in the coating are not

etected by FTIR because the content is not high enough. On
he other hand, it is clear that the loss of OH species does not
how influence on the dilatometric behaviour of the coating.

Fig. 10. TG-DTA curves of plasma sprayed LMA coating.
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ig. 11. Comparison of thermal expansion behaviours of LMA and Al2O3 bulk
aterials, both of them were densified at 1650 ◦C for 6 h.

In DTA curve, there are obviously three exothermic peaks
t 901, 1048 and 1140 ◦C, respectively. The first and the
hird exothermic peak agree well with the two contractions
885–1010 ◦C, 1134–1335 ◦C) of the dilatometric curve as
hown in Fig. 9. The second exothermic peak falls into the expan-
ion process (1010–1134 ◦C). As observed by XRD (Fig. 7),
he coating before thermal cycling consists of the nonperfectly
rystallized LMA and metastable phases of alumina including
,�-Al2O3. The phase transitions of � → � and � → � occur at
000 and 1100 ◦C, respectively.28–30 and the process of � → � is
ccompanied by a volume expansion.28 Even though no strong
vidences are supported here, it is suggested that the three
xothermic peaks correspond to the recrystallization of LMA,
he phase transitions of � → �-Al2O3 and � → �-Al2O3, respec-
ively. The phase transitions in LMA coating are complicated,
igh-resolution XRD is necessary to study these processes and
his work is still in progress.

.3. Comparison of LMA with Al2O3

LMA and Al2O3 have a lot of similarities, such as crystal
tructure (hcp), thermal expansion behaviour and composition,
tc. The comparison of thermal expansion behaviours of LMA
nd Al2O3 bulk materials is shown in Fig. 11. These two materi-
ls have very similar thermal expansion behaviours. In the range
f room temperature to 1200 ◦C, the averaged thermal expansion
oefficients are 9.1 × 10−6 K−1 for LMA (7.3 × 10−6 K−1 for
ts coating) and 8.6 × 10−6 K−1 for Al2O3 (8.0 × 10−6 K−1 for
ts coating).35 The similar thermal expansion behaviour is very
elpful to the prolongation of thermal cycling life of LMA coat-
ng when the TGO layer is formed. Therefore, before the plasma
praying of LMA, the bond coat surface had been heated with
he plasma flame to make a thin layer of TGO. Furthermore, the
reheating of substrate could also effectively reduce the resid-
al stress in the coating. For instance, before the deposition of

MA coating by air plasma spraying, the metallic substrate was
reheated from 150 to 340 ◦C, and the as-deposited coating had
he lowest stress.16 High tensile stress is formed if the substrate
s simultaneously cooled during deposition.
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ig. 12. XRD patterns of the mixture of LMA and Al2O3 after being heated at
300 ◦C for 24 h.

In order to study the stability of LMA when it contacts TGO,
mixture of LMA and Al2O3 in a molar ratio of 50:50 was

eated at 1300 ◦C for 24 h, and the XRD results are shown in
ig. 12. After the thermal treatment, the mixture still shows the

ypical XRD patterns of LMA and Al2O3 without the formation
f any new phase, indicating that LMA and Al2O3 do not have
olubility in each other. It could be concluded that LMA is stable
t the application temperature of TBCs which is below 1300 ◦C.

. Conclusion

The spallation of LMA coating occurs mainly at TGO which
s similar to the coating made by EB-PVD. The similar ther-

al expansion behaviour of LMA with Al2O3 is very helpful
o the prolongation of thermal cycling life of LMA coating, and
herefore it is suggested to make a thin layer of TGO before
he deposition of LMA. On the other hand, even though the
lasma-sprayed LMA coating has phase transition during ther-
al cycling, the plate-like and porous structure of LMA results

n a low Young’s modulus and a high stress tolerance, and these
re believed to the reasons for the long thermal cycling life of
MA coating.
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