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Abstract

The crystallization behavior of the amorphous phase of the plasma sprayed LaMgAl;; 09 (LaMA) coating during thermal aging processes has been
investigated. Results indicate that LaMA coating exhibits much similar microstructure and thermal properties such as close coefficient of thermal
expansion and specific heat capacity etc. to the sintered LaMA bulk after aging at 1673 K for 20 h. On the other hand, a solid state reaction seems
to occur to reform the ideal magnetoplumbite-type LaMA phase coupled with the formations of the La-rich aluminate intermediate phases. When
the aging temperature is held between 1273 K and 1473 K, nanosized platelet-like grains as well as sub-grains with high aspect ratios are present.
The phase stability has been investigated through the chemical compositions and X-ray diffraction analysis. The recrystallization mechanism of
the amorphous LaMA coating has been explored by tracing the microstructure evolutions during thermal aging process.
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1. Introduction

Ceramic thermal barrier coatings (TBCs) are playing increas-
ingly important roles in modern industry, which are frequently
engineered for thermal, corrosion and erosion protections of the
hot-section components in gas turbine and diesel engine sys-
tems in order to realize the growing demands for improved
engine efficiency and durability.!® A typical TBC system
usually presents the duplex layer structure consisting of a
metallic bond coat (MCrAlY, M =Ni and Co) as the oxidation-
resistant layer followed by a thermal insulation ceramic top
coat deposited either by electron beam-physical vapor deposi-
tion (EB-PVD) or atmospheric plasma spraying (APS). During
the past decades, 6-8 wt.% yttria partially stabilized zirconia
(YSZ) with outstanding thermomechanical properties in ser-
vice has been widely used as the TBC material. However, at
the operating temperature above 1200 °C, YSZ coating usually
suffers serious sintering, phase transformation from the initial
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non-transformable tetragonal (') zirconia to the final monoclinic
(m) zirconia accompanied by a 4-6% volume expansion, which
would cause spallation failure of the ceramic coating and finally
limit its further applications. As aresult, some other metal oxides
such as CeO;, Scy03, InpO3, TapOs5 and Re,O3 (Re=La, Nd,
Sm, Gd, Dy and Yb) doped ZrO; counterparts have been devel-
oped for various purposes of enhancing the phase stability or the
corrosion resistances.” '3 On the other hand, new TBC candi-
date materials such as the pyrochlore-type rare earth zirconates
(ReyZry 07, Re=La, Nd, Sm and Gd) with low thermal conduc-
tivity, high phase stability and moderate coefficient of thermal
expansion (CTE),3’14’18 the fluorite-type Re;CerO7 (Re=La
and Nd),'®%0 and the perovskite-type SrZrO32! have also been
proposed and extensively studied for potential applications.
Recently, much effort has been devoted to evaluating another
class of oxides with the magnetoplumbite-type structure as new
TBC candidate materials. Such kind of oxides usually crystal-
lize in hexagonal platelet-like grains and exhibit outstanding
sintering resistance and high temperature phase stability.??>~>
Wherein, LaMgAl;1019 (LaMA) is the first one that has been
widely studied.?6-30 Besides, as reported in previous works,3!-32
LaMA single layered coating is the only one that exhibits a close
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thermal cycling lifetime to the traditional YSZ coating at the
similar testing conditions. However, LaMA as a new TBC can-
didate material also has some obvious shortcomings, such as:
(1) the EB-PVD LaMA coating, usually characterized by the
columnar structure with superior strain tolerance and service
lifetime, has not been successfully prepared up to now>> and (2)
for a plasma sprayed LaMA coating, partial decomposition of
LaMA oxide usually occurs and a large amount of amorphous
phase also presents due to the rapid quenching from the molten
state.?32632 The following recrystallization of the coating dur-
ing high temperature service may put questions on the reliability
of the LaMA coating.

In such a case, the thermal aging behavior of plasma sprayed
LaMA coating has been investigated in order to better under-
stand its recrystallization mechanism and as well as the tightly
correlated microstructure evolutions, phase stability and ther-
momechanical properties.

2. Experimental procedures

LaMA powders were synthesized by a solid state reaction
method. La;03 (99.99%, Guangdong Chenghai Chemicals Co.,
Ltd.), y-Al,03 (99.99%, Tangshan Huatai Functional Ceramic
Materials Co., Ltd.) and MgO (99.2%, Wuzi Zehui Chemicals
Co., Ltd.) were selected as the starting materials. The three pow-
ders in proper ratio were ball-milled by zirconia milling balls
and were heated at 1923 K for 24 h to obtain the final product.
The as-synthesized LaMA powders mixed with arabic gum and
deionized water were subjected to ball-mill mixing again and
were later spray-dried (Jiangsu Yangguang Ganzao Co., Ltd.).
The obtained free-flowing LaM A powders with the particle size
of 20-120 p.m were sieved for plasma spraying. The spray-dried
powders were plasma sprayed onto a graphite substrate using the
Sulzer Metco plasma spraying unit with a F4-MB gun to produce
a LaMA coating with a thickness of ~1.2 mm.

After removing from the graphite substrate, the freestanding
as-sprayed LaMA coating was cut into bars with dimensions of
1.5cm x 1.5cm x 1.2 mm. These bars were isothermally aged
in a muffle furnace at 873K, 1073 K, 1173 K, 1273 K, 1473 K,
and 1673 K for 20 h, respectively. The isothermally aged samples
together with the as-sprayed sample were examined by X-ray
diffraction (XRD, Bruker D8 Advance diffractometer, Cu-Ka
radiation, A =0.15406 nm) in the range of 20 =15-80°, with a
step size of 0.02° and a counting time of 0.5 s per step. X-ray fluo-
rescence spectrometer (XRF, PANalytical PW-2403 apparatus)
was employed to determine the chemical compositions of the
as-synthesized LaMA powder and the as-sprayed LaMA coat-
ing. The fractured cross-sections of all samples were observed
by scanning electron microscope (SEM, XL-30 FEG, Philips).
High-resolution transmission electron microscopy examination
(HR-TEM, Tecnai F20) was performed on the LaMA coat-
ing before (as-sprayed condition) and after thermal aging at
1673 K for 20h. The fine particles used for TEM examina-
tions were obtained by grinding thin slices of LaMA coating.
Vickers microhardness measurements were performed on the
polished cross-sections of the coatings with a load of 300 g and
a dwell time of 15s (FM-700, Future-Tech, Japan). About 20

measurements were taken for each specimen. The coating sam-
ples before and after thermal aging at 1673 K for 20h with
the dimensions of 25mm x 4 mm x 1 mm were selected for
thermal expansion measurements. The CTEs of the coatings
were determined between 308 and 1673 K using the Netzsch
402C high-temperature dilatometer. Thermogravimetric analy-
sis (TGA) and differential scanning calorimetry (DSC) analysis
were also performed from room temperature (RT) to 1673 K at
a heating rate of 10 Kmin~! in N, atmosphere using a Netzsch
STA 449 F3 Jupiter simultaneous thermal analyzer. The specific
heat capacity of the sample was calculated relatively to the spe-
cific heat capacity of the sapphire reference sample, and three
consequent tests were performed for each sample. The weight
of the sample prior to DSC tests was about 40 mg and it was
ultrasonically cleaned and dried before testing.

3. Results and discussion
3.1. Debye temperature and heat capacity

LaMA with the magnetoplumbite-type structure has been
widely used as laser and luminescent materials, catalyst sup-
ports and catalysts for high temperature catalytic combustion,
as well as used for the immobilization of nuclear waste>*36 and
TBC candidate material. Presently, as an important parameter
of such a solid material, the Debye characteristic temperature
(6p) of LaMA has been calculated from two important experi-
mental elastic properties such as Young’s modulus and Poisson’s
ratio whose values have recently been reported by Jiang et al.>’
As is well known, 6p is proportional to the mean Debye sound

velocity (v,,) of a solid by the following equation’®:
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where & and kg are Planck’s and Boltzmann’s constants, respec-
tively. N4 is Avogadro’s number, p is the density, M is the
molecular weight of the solid, and » is the number of atoms in
the molecule (here, n =32 for LaMgAl;1019). The mean sound
velocity can be determined as>:
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where v; and v, are longitudinal and shear sound velocities,

respectively, which can be calculated from the bulk modulus B

and shear modulus G according to the equations as>”:
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Based on the reported values of the Young’s modulus (E) and
the Poisson’s ratio (u),37 presently, the bulk modulus B and shear
modulus G can be calculated from the well-known relationships:

E E
B = —m—- ) = ——
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The calculated values are listed in Table 1. The Debye

characteristic temperature calculated from the elastic proper-
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Table 1

The theoretical density, mechanical constants (Poisson’s ratio, Young’s, Bulk and Shear modulus, v, E, B, G) and the longitudinal, shear, and mean sound velocities
(v, Vs, Vi), and the Debye temperature 6p of the LaMgAl;; Oj9 (the values of v and E are after Ref. 37).

Material P (g/Cm3) v E (GPa) B (GPa) G (GPa) vy (m/s) v1 (m/s) Yy, (m/s) 6p (K)
LaMgAl;1O19 4.285 0.23 295 182 120 5292 8934 5861 832
ties of LaMA is 832 K. Debye characteristic temperature is an 12
essential characteristic structure parameter of a solid, which is io [ 100
directly related to the binding force among atoms comprising the TGA for as-sprayed LaMA coating 99
materials.*? It is an important physical quantity to characterize 8
the material properties such as the thermal vibration of atoms g i o8 =
and phase transitions etc. For LaMA oxide as a new TBC candi- | —0— LaMA coating after aging | 97 &
date material, Debye characteristic temperature is an important g 4+ at 1673 K for 20h ‘ f
parameter responsible for the temperature dependent factor of & ¢ As-sprayed LaMA coating | % %r 6
the thermal conductivity. % &2 05 “i
As reported in previous works,?%27 plasma sprayed LaMA S
coating like the well known mullite coating usually produces a : *
structure consisting of a large amount of amorphous phase, and 23
itis inevitable that recrystallization of the amorphous phase will . . . . ] , J . 0

occur during the following high temperature service. In order
to further understand the phase transition behavior of plasma
sprayed LaMA coating, the temperature dependence of heat
capacities of the LaMA coating before and after aging at 1673 K
for 20 h has been determined for the purpose of comparison.
As shown in Fig. 1, the molar specific heat capacity of the as-
sprayed LaMA coating increases across the temperature range
of 303-995 K. Further, it suffers two sharp decreases around
1172 K and 1440 K, respectively. The sudden changes in C,, val-
ues are believed to be caused by the discrete change of the heat
resulted from the phase transitions of the as-sprayed LaMA coat-
ing during heating. Furthermore, corresponding to the collected
TG-DSC curves of the as-sprayed LaMA coating as illustrated in
Fig. 2, no sudden mass changes occur around 1172 K and 1440 K
where two sharp exothermal peaks appear. The TG-DSC anal-
ysis confirms that only phase transitions take place around such
two temperature points instead of the oxidation or volatiliza-
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Fig. 1. Measured heat capacities (C,) of the LaMA coating before and after

aging at 1673 K for 20 h, as well as the theoretical C, of LaMA oxide obtained
from the Debye model.
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Fig. 2. Comparison of the DSC curves of the LaMA coating before and after
aging at 1673 K for 20h, as well as the TGA curve of the as-sprayed LaMA
coating versus temperature.

tion of LaMA coating which would lead to mass increase or
loss. However, the specific heat capacity of the thermally aged
LaMA coating shows no sudden changes, and the exothermal
peaks also disappear as shown in the DSC curve in Fig. 2. These
results display that phase transitions of the as-sprayed LaMA
coating have been finished after aging at 1673 K for 20 h. Previ-
ous studies have pointed out that the first sharp exothermal peak
around 1172 K is caused by the recrystallization of the amor-
phous component of the as-sprayed LaMA coating, while the
second one is ascribed to the y to a-Al, O3 phase transition.?® It’s
easy to note that the recrystallization behavior and phase tran-
sition are irreversible once the more stable phases have formed.
The molar specific heat capacity of the thermally aged LaMA
coating is temperature dependent from room temperature (RT)
to about 800 K as illustrated in Fig. 1. Then it seems to approach
to an asymptotic value at a higher temperature. As predicted
by the law of Dulong—Petit, when the temperature exceeds the
Debye characteristic temperature, the specific heat of one atom
is close to a constant of C, — 3Nakp (~25 JK! mol_l). For
LaMgAl;1019, as the patterns shown in Fig. 1, the calculated
Dulong—Petit value is about 800 J K~ mol~!, such a theoreti-
cal value is only slightly lower than the measured value of the
LaMA coating after aging at 1673 K. This means that the as-
sprayed LaMA coating will exhibit the same thermal properties
to the corresponding LaMA bulk after a high temperature aging.
Besides, as can be seen in Fig. 1, the as-sprayed LaMA coating
exhibits a higher C,, value than its aged counterpart from RT to
about 1300 K. It is believed that the presence of the amorphous
phases with the structural disorder and a weaker interatomic cou-
pling result in the as-sprayed LaMA coating a relative higher C,
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value consequently. For comparison, the theoretical lattice spe-
cific heat capacity (Cp) of the LaMgAl;;O19 has been calculated
according to the well-known Debye model:

T 3 6p/T )C4€x
Cp=9%mR| — —d 5
b= (0D> /0 @ -1 ©)

As the theoretical heat capacity (Cp) curve shown in Fig. 1,
it displays a good conformity to the variation trend of the mea-
sured values of the LaMA coating after aging at 1673 K for 20 h.
Cp is an important parameter that appears in the thermal conduc-
tivity of LaMA oxide which finally influences the performance
of the LaMA coating in high temperature service. The extremely
sharp decreases in C,, values resulted from the recrystallization
and phase transitions of the as-sprayed LaMA upon heating may
cause sharp changes in thermal insulating efficiency, resulting in
the formations of residual thermal stresses and a reduced thermal
shock resistance of a TBC system with an as-sprayed LaMA top
coat. Therefore, the subsequent heat treatment of an as-sprayed
LaMA coating seems to be preferable to overcome these prob-
lems in order to make the quality of the LaMA coating more
reliable.

3.2. Phase analysis

XRD analysis has been performed on the LaMA coating
before and after isothermal aging at different temperature for
20h to trace the phase transition behavior, and the results are
shown in Fig. 3. XRD patterns of the as-sprayed LaMA coating
illustrated in Fig. 3(a) indicates the presence of the amorphous
phase denoted by a broad hump at 26 range about 26-34°, and as
well as the crystalline LaMA phase whose characteristic peaks
can be identified. Besides, some weak peaks ascribed to LaAlO3
and unidentified phases are also present. When we enhance the
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Fig. 3. XRD patterns of the as-synthesized LaMA powder through a solid state
reaction method and LaMA coatings: (a) as-sprayed, and after aging at (b)
873K, (c) 1073 K, (d) 1173 K, (e) 1273 K, (f) 1473 K and (g) 1673 K for 20 h,
respectively.

thermal aging temperature from 873 K to 1273 K, as depicted by
the XRD patterns in Fig. 3(b)—(e), the XRD peaks gradually get
sharper, and the broad hump at the 26 range about 26-34° gradu-
ally flattens, indicating that a higher aging temperature will lead
to a better crystalline condition for all the phases presenting in
the LaMA coating including the pure LaMA phase as well as
other secondary phases. With the enhancement in aging temper-
ature, it is found that the typical characteristic peaks ascribed to
the unidentified phase sharpen remarkably, a-Al,O3 peak and
another more obvious characteristic peak of the LaAlO3 phase
at 20=33.3° appear. However, as the XRD patterns shown in
Fig. 3(f), it is very interesting to find that LaAlO3 phase peaks
seem to disappear after aging at 1473 K for 20 h. Fig. 3(g) shows
the XRD patterns of the LaMA coating after aging at 1673 K,
it is very unusual to observe the MgAl>Oy4 spinel peaks, and
the LaAlO3 characteristic peaks are still absent. Besides, the
relative intensity of one unidentified peak at 26 =30.1° signifi-
cantly decreases and a new unidentified peak as marked in blue at
260 =28.5° appears in comparison with the XRD patterns shown
in Fig. 3(b)—(f).

In order to better understand the special phenomenon appear-
ing in the results of the XRD analysis as shown in Fig. 3(f)
and (g), the chemical compositions of the as-synthesized LaMA
powder and the as-sprayed LaMA coating were determined by
XREF, and the results are listed in Table 2. Compared with the the-
oretical value, the chemical composition of the as-synthesized
LaMA powder seems to have deviated to nonstoichiometry
ratio by obvious losses of Al;O3 and MgO. During ball-milling
process, MgO and especially for y-Al,O3 accounting for rela-
tive larger volume percents among such a LapO3—-MgO-Al;03
ternary system may suffer more serious losses, resulting in the
final deviation in stoichiometry ratio. For the as-sprayed LaMA
coating, the contents of the Mg and Al elements show further
decreases, which are believed to be caused by the partially melt-
ing and volatilization of LaMA oxide when the powders passed
through the plasma flame with an extremely high temperature.
On the other hand, as reported in previous works,24’27 the hetero-
geneities in the phase sequences of the LaMA coatings might
occur during the plasma spraying process which would cause
some contributions to the deviation of the chemical composition
to some extent. As the measured chemical compositions shown
in Table 2, the molar ratios of LayO3-MgO-Al,03 to form
the ideal magnetoplumbite-type LaMA phase with a strict sto-
ichiometry ratio are 0.375(Laz03)-0.75Mg0-4.125(Al,03) and
0.345(La203)-0.69Mg0-3.975(Al,03) for the as-synthesized
LaMA powder and as-sprayed LaMA coating, respectively.
Therefore, excessive LapO3 and Al,O3 are present. As pointed
out by Gadow et al.,3” the presence of redundant La> O3 and MgO
would result in the formations of a multiphase region including
LaMgAl;1019, MgAl;O4, LaAlO3, and MgO etc. As a result,
in the present study, the weak peaks of LaAlO3 phase which is
a La-rich phase compared with the LaMA oxide, often present
in the XRD patterns of the as-sprayed LaMA coating and as
well as the as-synthesized LaMA powder, though it can not be
obviously detected due to its low content as shown in Fig. 3.
Thereby, the presence of a-Al,O3 phase in the LaMA coating
after aging at the temperatures below 1173 K as shownin Fig. 3 is
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Table 2
Chemical compositions of the as-prepared LaMA powder and coating.

2289

Material La (wt.%) Mg (wt.%) Al (wt. %) Chemical formula

Ideal LaMgAl;1O19 18.18 3.18 38.85 0.5(Lay03)-Mg0-5.5(A1,03)
As-synthesized powder 22.08 2.86 36.57 0.5(Lay03)-0.75Mg0-4.29(A1,03)
As-sprayed coating 22.77 2.76 36.20 0.5(Lax03)-0.69Mg0-4.11(Al,03)

likely an indication of the partial decomposition of LaMA oxide
during plasma spraying process which can be expressed by the
following equation as pointed out in our previous works>>4!:

LaMgAl;1O19 — LaAlOsz +MgO + 5A1,03 6)

With gradual enhancement in aging temperature, there occurs
anincrease in the peak intensities of the secondary phases such as
the Al,O3, LaAlOj3 and the unidentified phase. As the phase dia-
gram of ternary system La; O3—MgO—-Al,O3 shown in Fig. 4, for
such an established system, the magnetoplumbite phase forms in
a narrowly restricted composition, usually follows the formula
Lay03-xMgO-yAl,03, where 02<x<3.3, 10.0=<y<13,
and with the ideal composition of La;03—2MgO-11A1,03
(2LaMgAl1019,x=2andy=1 1).30 Such information indicates
that a slight deviation in stoichiometry ratio is allowed to some
extent to form the magnetoplumbite-type LaMA phase in such a
Lay03-MgO-Al,Os3 ternary system. This tolerance deviation in
stocihiometry ratio may be one of the reasons that all the XRD
patterns of the LaMA coating and as-synthesized powders shown
in Fig. 3 exhibit rather limited impurity phases though superflu-
ous La;O3 and Al>,O3 have already led to a nonstoichiometry
ratio. Therefore, on one hand, when LaMA coating is isother-
mally aged at 1473 K, a slow solid state reaction to further form
the magnetoplumbite-type La—Mg—Al phase is going to occur,
thus giving rise to the absence of LaAlO3 phase. On the other
hand, the phase diagram shown in Fig. 4 reveals the presences of
the La-rich phases such as LaMgg 12Alg 88 02.94, LaaMgAl>,O1g
and LazMgAl,O7 etc. Hence, LaAlO3 as an intermediate phase
may transform to these La-rich oxides, though their characteris-
tic peaks are not found which may be due to their low content as

MgO
100 ~_-0
80
60
MgAl 0,
40
20
aMgAl,, Oy
ol 3o 40 LaAlO, 50 80 100
ALO ) La,0,
23 LaAl, 0,

Fig. 4. Phase diagram of ternary system La, O3—MgO-Al> O3 (in molar percent),
after Ref. 30.

well as overlapping with other phase peaks. When we enhance
the aging temperature up to 1673 K, a more obvious solid state
reaction would occur to form the ideal magnetoplumbite-type
LaMA phase according to the strict stoichiometry ratio. Since
such a solid state reaction can be facilitated at this reduced tem-
perature owing to the presence of Mg0.*? As a result, MgAl, Oy
spinel as the intermediate phase forms during this process. One
other indication for the presence of the La-rich intermediate
phases is the very weak LaAlO3 and MgAl,O4 peaks, which
do not count for the large remaining mass after the crystalliza-
tion of single phase LaMA. Besides, as the XRD patterns shown
in Fig. 3(g), the relative intensity of another unidentified peak
at 20 =26.7° increases obviously, this may be the indication of
another La-rich intermediate phase between the LaAlO3 phase
and the final ideal LaMA phase.

3.3. Microstructure

In order to trace the recrystallization process, the fractured
cross-sections of the plasma sprayed LaMA coating after aging
at different temperatures for 20 h have been examined by SEM,
and the micrographs are shown in Fig. 5. A general impression
is that the isothermal aging temperatures have strong influences
on the rates of the recrystallization and grain growth of the
plasma sprayed LaMA coating, resulting in the microstructure
evolutions of the LaMA coating very interesting during aging
processes. As shown in Fig. 5(a), the as-sprayed LaMA coating
displays a large amount of amorphous phase and a low porosity
level, which is much similar to the previously reported mul-
lite coating.6’27 While, the lamellar structure with fine columnar
grains located in, as found for other plasma sprayed ceramic
coatings, is absent for the present LaMA coating. The rapid
cooling which freezes the high temperature phase during plasma
spraying process is believed to be tightly correlated to the for-
mation of the amorphous LaMA phase. On the other hand,
during plasma spraying, the layered spinel structure with La3*-
containing intermediate mirror layers of the LaMA crystal may
inhibit the rapid crystallization of the molten LaMA droplets to
some extent and cause some contributions to the formation of
amorphous phase in the end. After the LaMA coating being ther-
mally aged at 873 K and 1073 K, as the fractured cross-section
SEM micrographs shown in Fig. 5(b) and (c), respectively, the
layered cleavage characteristics of LaMA coating seems to be
more obvious compared with the as-sprayed condition. Layered
cleavage is a very common characteristic of the hexaluminate
with the magnetoplumbite-type structure, which imparts such
kind of oxides with excellent fracture toughness.>** After
aging at 1173 K, which is the peak temperature during the
recrystallization process as can be seen in the DSC curve in
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Fig. 5. Fractured cross-section SEM micrographs of LaMA coating: (a) as-sprayed, and after aging for 20 h at 873 K (b), 1073 K (c), 1173 K (d), 1273 K (e) and (¢’)
selected from different districts, 1473 K (f) and 1673 K (g) and (h) with the different magnifications of 2000x and 10*x.

Fig. 2, some platelet-like grains as have been marked out in
Fig. 5(d), are embedded in the coating matrix. These grains may
be induced by the recrystallization, which are much different
from the unmelted LaMA particles presented in the fractured
cross-section and as well as the coating matrix which is the typi-
cal amorphous LaMA phase. As the fractured cross-section SEM
micrographs shown in Fig. 5(e) and (¢’), it can be observed that
the grain growth process has been significantly accelerated and

lots of platelet-like grains present consequently when the aging
temperature has been enhanced up to 1273 K. Furthermore, it
is worth noting that Fig. 5(e) and (¢’) displays two different
districts characterized by the regularly and irregularly arranged
platelet-like grains, respectively. Most of these fine grains with
the thickness about 50 nm, and are believed to be recrystallized
from the melted splat of the as-sprayed LaMA coating. It can
be seen in Fig. 5(e) that the fine platelet-like grains with an
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average thickness about 30 nm are stacked paralleling to their
basal plane. Moreover, it is very interesting to find that such kind
of clusters consisting of stacked fine grains (designated as the
nanosized sub-grains) as marked by the arrows possess a total
thickness about 500—-1000 nm which is close to the origin grain
thickness of the as-synthesized LaMA powders through a solid
state reaction method. Hence, these nanosized sub-grain clusters
are likely to be recrystallized from such grains embedded in the
coating matrix as marked out in Fig. 5(d). However, the district
photographed from the same specimen after aging at 1273 K for
20h as shown in Fig. 5(¢’), displays an irregular arrangement
of platelet-like LaMA grains, which is the same to the coat-
ing after aging at 1473 K for 20h as its fractured cross-section
SEM micrograph illustrated in Fig. 5(f). The only difference
between Fig. 5(¢’) and (f) is that the platelet-like grains pre-
sented in the later have thickened and coarsened. Therefore, one
can assume the plasma spraying and the following aging pro-
cesses of LaMA coating like this: during plasma spraying, some
spherical powders with the particle size distribution between
20 and 120 pm obtained from spray drying underwent different
melting condition when they passed through the plasma flame
with an extremely high temperature. The surface layer of these
spherical powders might be completely melted to produce the
droplets. While, by considering the thickness of such spherical
powders and as well as the thermal diffusion rate, the temper-
ature grade across the thickness direction of these spherical
powders would result in the inner layer with a lower temper-
ature level which might just reach the melting point of LaMA
oxide and only intenerate the platelet-like grains, that is to say
reaching the critical temperature condition where the transition
to the glassy state occurred. When impacting onto the substrate
to form the coating together with the melted surface layer, the
platelet-like texture of such intenerated grains preserved though
a slight glass transition occurred. Such a process may be the key
reason responsible for the presences of the platelet-like grains
embedded in coating matrix and as well as the cluster consist-
ing of stacked nanosized sub-grains with a layered structure

as illustrated in Fig. 5(d) and (e), respectively. While the sur-
face layer of the spherical powder which was fully melted and
spread on the substrate produced the coating splat resulting in
the amorphous phase with the texture of LaMA grains being
completely destroyed. For this amorphous phase, a full crystal-
lization process occurred (designated as recrystallization here)
during thermal aging, leading to forming randomly arranged
platelet-like grains as illustrated in Fig. 5(¢’) and (f). As is well
known, the presence of the La®* ion in the intermediate mirror
layer of the LaMA unit cell could inhibit the grain growth along
[0001] direction giving rise to forming a platelet-like LaMA
grain with high aspect ratio and anisotropic thermal and mechan-
ical properties.”® Owing to the growth of LaMA grains will be
limited by the presence of neighbor grains which is believed
to be the same to the grain’s growth characteristic of calcium
hexaluminate,*? thus the final randomly arranged platelet-like
grains as presented in Fig. 5(¢’) and (f) as well as the parallel
array of the fine grains to reach a stable state as the microstructure
shown in Fig. 5(e) are present. After the LaMA coating being
isothermally aged at 1673 K for 20 h, the amorphous phase and
the layered clusters with nanosized sub-grains disappear due to
the much higher recrystallization and grain growth rates. As fur-
ther shown in Fig. 5(g) with a low magnification and (h) with a
high magnification, the morphologies and sizes of the platelet-
like grains presented in the fractured cross-section of the aged
LaMA coating are much the same to the sintered LaMA bulk.
Fig. 6(a) and (b) shows the typical HR-TEM images of the fine
particles of the LaMA coating before and after aging at 1673 K
for 20 h, respectively. Fig. 6(a) displays that amorphous phase as
well as the crystalline phase are present in the as-sprayed LaMA
coating, and different lattice orientations can be observed due to
the milled LaMA coating particle consisting of the grains with
different orientations. After thermal aging, the HR-TEM image
shown in Fig. 6(b) exhibits a typical lattice configuration of the
hexaluminate with the magnetoplumbite-type structure. It indi-
cates that a transformation of disorder to order has occurred to
the as-sprayed LaMA coating during the thermal aging process,

Fig. 6. High-resolution TEM images of the LaMA coating particles: (a) as-sprayed and (b) after aging at 1673 K for 20 h.
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Fig. 7. Vickers microhardness of the as-sprayed LaMA coating and the coating
after thermal aging at different temperatures for 20 h.

resulting in the aged LaMA coating with a perfect crystalline
condition.

Fig. 7 shows the Vickers hardness of LaMA coating after
aging at different temperatures for 20 h. The Vickers hardness
exhibits a nonmonotonic variation under a fixed load. The as-
sprayed LaMA coating exhibits a mean Vickers hardness value
of 6.07 £ 0.59 GPa. In the present study with a constant aging
duration of 20h, there is a gradual increase in Vickers hard-
ness with the enhancement in aging temperature, and LaMA
coating exhibits the highest mean Vickers hardness value of
8.16 = 1.16 GPa after aging at 1173 K. After that, a more obvi-
ous decrease in mean Vickers hardness can be observed with
a further increase in the aging temperature. As can be seen in
Fig. 7, after aging at 1673 K for 20 h, LaMA coating exhibits a
mean Vickers hardness value of 4.87 4= 0.92 GPa which is even
lower than that of the as-sprayed coating. It is believed that
the variation of the Vickers hardness of LaMA coating during
thermal aging processes is tightly correlated to the microstruc-
ture evolutions. As the microstructure evolutions schematically
shown in Fig. 5, when the aging temperature increases from RT
to the peak temperature of recrystallization (~1173 K as shown
in Fig. 2), microcracks and micropores may begin to heal to
result in the densification of the ceramic coating and thus an
increase in Vickers hardness, though such a process may evolve
at a low speed. Besides, with the enhancement in aging tem-
perature, all the well crystallized phases presented in LaMA
coating as denoted by the sharpened XRD peaks in Fig. 3, can
also cause some contributions to the slight increase in Vickers
hardness. As the temperature further increases, faster recrys-
tallization rates and grain growth occur resulting in different
microstructures as shown at the fracture cross-section micro-
graphs given in Fig. 5(e) and (¢/)—(h). These microstructures
yield a gradual increase in porosity levels but reduced Vickers
hardness. The reduced Vickers hardness is believed to impart
the LaMA coating with an improved strain tolerance and per-
formance in service.

1.6 [ —©—1- As sprayed LaMA coating
1.4 | —u—2- LaMA coating after aging at 1673 K for 20 h

15 [~ 3 LaMA (bulk)
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Fig. 8. Linear thermal expansion curves of the LaMA coating before and after
thermal aging at 1673 K for 20h in comparison with the bulks of 8YSZ and
LaMA.

3.4. Thermal expansion behavior

Usually, thermal expansion mismatch between the ceramic
top coat and the metallic bond coat would lead to the formations
of stresses, which is the key factor responsible for the spalla-
tion failure of a TBC system. Therefore, the thermal expansion
behavior of the plasma sprayed LaMA coating before and after
thermal aging at 1673 K for 20 h have been examined, and their
linear expansion curves are compared in Fig. 8. The as-sprayed
LaMA coating shows an approximately linear expansion from
RT to 1132 K, then it suffers two significant shrinkages of 0.93%
and 0.22% ascribed to recrystallization of amorphous LaMA
phase and the y to a-Al,O3 phase transition, respectively, which
has been pointed in our previous work.*! The temperature range
where shrinkages occur are consistent to the results of thermal
analysis as discussed above. After aging at 1673 K for 20h, as
illustrated in Fig. 8, LaMA coating shows a rather similar linear
thermal expansion behavior to the sintered LaMA bulk across
the entire temperature range, though it is slightly inferior to
the typical 8YSZ (8 wt.% yttria stabilized zirconia) bulk. This
implies that the completely crystallized LaM A coating possesses
the same thermal properties to the sintered LaMA bulk having
outstanding thermal shock resistances as pointed in our former
work.** However, it is worth noting that the as-sprayed LaMA
coating exhibits an inferior linear thermal expansion rate to the
thermally aged LaMA coating and the sintered LaMA bulk over
the temperature range before the first sudden shrinkage occurs.
This is another indication of the presence of amorphous phase
in the as-sprayed LaMA coating, since the short textured amor-
phous phase with a large thermal expansion tolerance during
heating would result in the as-sprayed LaMA with an inferior
macrographic expansion value as the results shown in Fig. 8
and Table 3. The measured average CTEs of the LaMA coat-
ing before and after isothermal aging at 1673 K for 20h as
well as the LaMA and 8YSZ bulks are listed in Table 3. Com-
pared with the 8YSZ bulk having a higher average CTE value
of ~11.1 x 107 K~!, the as-sprayed LaMA coating shows an
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Table 3
Measured coefficients of thermal expansion for bulks of 8YSZ, LaMA, and the
LaMA coatings before and after aging at 1673 K for 20 h.

Material Average CTE (x 1076 K~1)

LaMA coating (as-sprayed)
LaMA coating (after aging)
LaMA (bulk)
8YSZ (bulk)

~6.1 (RT to 1113K)
~9.2 (RT to 1673 K)
~9.0 (RT to 1673 K)
~11.1 (RT to 1673K)

average CTE value of ~6.1 x 107 K~! from about 300K to
1113 K, then, serious contractions resulted from recrystalliza-
tion and phase transformation upon heating result in such a
coating with much lower average CTE value over the entire
temperature range. However, the thermally aged LaMA coat-
ing exhibits an average CTE value of ~9.2 x 107° K~ across
the temperature range of 300-1673 K, which is close to its bulk
counterpart (~9.0 x 107° K~1), both of the values agree with
the previously published values by Bansal et al.>3 and Friedrich
et al.”’ The slight difference in the CTE values between the
aged LaMA coating and the sintered bulk may be due to the
small differences in their porosity levels. These results indicate
that a perfectly crystallized LaMA coating will exhibit improved
CTE value compared with the as-sprayed LaMA coating having
a large amount of amorphous phase, which will be more prefer-
able to mitigate the thermal expansion mismatch stress level of
a LaMA coating-containing TBC system.

4. Conclusion

Atmospheric plasma spraying usually produces a LaMA
coating with a large amount of amorphous phase as the typical
mullite coating. The recrystallization of the amorphous phase
during high temperature service will cause sudden changes in
Cp having a strong influence on the thermal conductivity, and
as well as in CTE giving rise to the formations of interface
residual stresses in a LaMA coating-containing TBC system.
The recrystallization and grain growth rates can be significantly
accelerated when LaMA coating is isothermally aged at tem-
perature above 1173 K. The well crystallized LaMA coating
exhibits improved properties such as reduced microhardness
with the consequences of improved strain tolerance and ther-
mal shock resistance, enhanced CTE and C, close to its bulk
counterpart etc. The nanosized LaMA grains and sub-grains are
present when the isothermal aging temperature is held between
1273 and 1473 K, and disappear after aging at a higher temper-
ature of 1673 K for a certain duration such as 20 h investigated
in the present study. Based on the above results, it seems that a
post-deposition annealing of the as-sprayed LaMA coating prior
to use at the temperature range of 1173—-1273 K is preferable to
promote the initial crystallization of amorphous phase. Simulta-
neously, the rapid recrystallization and the platelet-like LaMA
grain growth which will result in a higher stress level and reduced
bond strength between the LaMA coating and underlying sub-
strate can be avoided. The present investigation is believed to
give useful guidelines to further improve the performances of the
LaMA thermal barrier coating as well as other MgO-doped rare

earth hexaluminates coatings with the magnetoplumbite-type
structure in the future, through the optimization of the process-
ing parameters and adopting other advanced technologies for
coating depositions.
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