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ABSTRACT

Present work is on synthesis of high purity Nano-structured TBC materials, Lanthanum Zirconate and YSZ. 
They were prepared via wet chemical routes, starting from the indigenous source minerals such as zircon and 
monazite available in the beach sand. This is first time that the results of TBC materials synthesis from these base 
minerals, their purification and a high end application being presented comprehensively. Their characterisation and 
thermal barrier application on aeroengine components have been presented. The total oxide impurities being critical 
to the life of the coating, could be controlled within 0.03 per cent by weight. On comparison with other powders 
it was found that the indigenously synthesised YSZ powder had practically 100 per cent tetragonal prime phase 
and no monoclinic phase; whereas others had significant amounts of monoclinic phases present in them. Both YSZ 
and LZ powders were sinter agglomerated at 850 °C to preclude the possibility of any contamination and sieved. 
APS process was used to realise nano-structured bi-layer coating on the exhaust nozzle parts of an aeroengine. The 
components were subjected to rapid thermal transients during long accelerated endurance testing, equivalent to 1000 
h of engine operations. The coatings also withstood the gas erosion of supersonic combustion products, vibratory 
loads of 4 g and more than 30000 nozzle actuations similar to aircraft manoeuver. The paper also presents a brief 
review of implications of a nano-structured thermal barrier coating and certain nuances of chemical synthesis which 
forms the backbone of the strategies for durable coatings.

Keywords: Nano materials; Lanthanum Zirconate (LZ)-YSZ bilayer TBC; Aeroengine application; IR-Nano particles 
interaction; Ilmenite; Zircon; Monazite beach sand

1. INTRODUCTION
Currently 7-8 wt% Yttria stabilised Zirconia, with the 

maximum surface temperature capability of about 1200 °C is 
the industry standard for TBC material and has proved its worth 
for almost four decades. At higher temperatures, degradation 
of the coating takes place and changes in microstructure as 
well as mechanical properties result in reduced strain tolerance 
and a decrease in thermal fatigue life of the coating. On the 
other hand, Lanthanum Zirconate (LZ), with general formula 
A2B2O7 (pyrochlore structure), possesses attractive intrinsic 
properties such as higher thermal and phase stability (close to 
2000 °C), lower sintering tendency and thermal conductivity 
(k) compared to YSZ. Thus LZ has received significant 
attention in recent times1-4. Among the pyrochlores, La2Zr2O7 
(LZ) seems to have great potential as a TBC material due to 
its excellent bulk properties vis-a-vis YSZ. But it has lower 
coefficient of thermal expansion and slightly higher specific 
gravity compared to YSZ. Though nano LZ can mitigate the 
problem to a certain extent, it can not be applied directly on 

the MCrAlY bond coat. Therefore LZ is applied as a top coat 
material over YSZ for enhanced coating life. A nano-structured 
bi-layer is also expected to reflect certain amount of radiations 
thus providing a more effective TBC. This is significant since in 
the absence of cooling or heat losses the substrate temperature 
equals that of the environment eventually5-8. 

The synthesis and impurities in TBC materials also 
influence the stability and life of the coating. Since, the 
source materials in the present study are minerals like zircon, 
a silicate of zirconium and rare earth bearing minerals like 
monazite or bastnasite; precautions were taken to synthesise 
high purity materials. Over the years, various methods have 
been investigated to produce feed stock materials like high 
pure zirconium oxy-chloride and lanthanum chloride from 
zircon and monazite/bastnasite respectively. However, for the 
first time the results of TBC material synthesis from these base 
minerals, their purification, APS grade powder preparation 
and a high end application being presented comprehensively. 
Salient aspects of chemical synthesis are outlined here. Also 
presented is a brief review of implications of having a nano-
structured thermal barrier. Received : 27 June 2018, Revised : 09 January 2019 
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1.1 Implications of Nano-structure
Earlier, various methods such as co-precipitation, 

hydrazine, solution reaction routes, the stearic acid method, 
alkoxide-based sol-gel and citrate method3,5, sol-gel processing, 
hydrothermal processing, sonochemical micro emulsion and 
ion exchange resin manufacture methods9 for the preparation of 
fine and nano-crystalline powders have been investigated3,10,11. 
The motivation for the nano-structured coating is that the 
nano- and meso-structured zirconia ceramics combine many 
desirable properties like low k, high refractive index, high 
chemical and thermal stability. The wavelength of the reflected 
light is directly proportional to the particle diameter. Hence 
TBCs require micro-particles of the order of 1-3 μm to reflect 
heat in the near IR spectrum. In the medium and far IR bands, 
larger particles are relevant12.

Particle size reduction also stabilizes the high-temperature 
phases at room temperature. It is reported that nano powders, 
above 20 nm – 30 nm, reverts to monoclinic (m-ZrO2) phase13. 
The nano material always has a larger thermal expansion 
coefficient and higher toughness than its micro counterpart. 
The thermal cycling life of nano LZ is reported to be six times 
that of micro LZ coatings6. The indentation toughness of the 
nanocrystalline SPPS 7YSZ TBC was found to be five times 
that of corresponding APS TBC in the most critical in-plane 
orientation14. Due to the lower in-plane tensile stress and higher 
fracture toughness of the nano-composite TBCs, they have 
higher thermal shock resistance than the conventional TBCs15. 
It is reported that the yield stress (τ) and micro-hardness (Hv) 
of nano-crystalline materials are 2–10 times that of the coarse-
grained counterparts of the same composition. Particle size 
reduction also reduces the flaw sizes in the coating. Therefore 
the fracture resistance in nano-ceramics is higher compared to 
conventional micron-sized materials16,17.

Grain boundary scattering, an extrinsic mechanism 
limiting the thermal conductivity (k), decreases k in nano-
crystalline materials. While this may be effective for other 
ceramics, the thermal conductivity of nano-crystalline stabilised 
zirconia is unaffected by grain size, even down to 65 nm. The 
offered explanation that the mean free path of the point defects 
in YSZ is significantly smaller than even the smallest grain 
size attainable in nano-crystalline YSZ seems valid18. Nano-
structured TBCs often exhibit excellent performance compared 
with conventional TBCs such as adhesive strength, thermal 
shock resistance, thermal insulation, corrosion resistance 
and so on3,19. A reduced density or more generally, a reduced 
degree of order is associated with very small nano-particles20, 
which helps in reducing k. Since Phonons play a major role 
in heat transport in ceramics, spatial confinement of phonons 
in nanostructures can strongly affect the phonon spectrum and 
thus the thermal properties at nano-scale21.

 The superior thermal shock resistance and thermal 
cycling capability than conventional TBCs is attributed to 
the formation of a large number of microcracks, uniformly 
distributed tiny pores and a large area of nanostructured region 
with high stress relief capability14. But the disadvantage is that, 
one order of magnitude (e.g., from 1 μm to 100 nm) reduction 
in grain size will enhance sintering rates by up to 4 orders of 
magnitude. Homogenisation time, which is of the order of 

hours in micron sized particles, can be milli-seconds in case 
of nano-particles20.

In practice, the IR band ranging from 700 nm –1100 nm, 
results in heating of the surface if absorbed. Therefore the 
approach should be to maximize the near IR reflectivity. To 
achieve the highest near IR reflectivity, the particle size needs 
to be more than half the heat wavelength that is to be reflected. 
A comparison of the NIR reflectance of nano and their micro 
crystalline forms show that the nano-crystalline metal oxides 
are more reflective, about 15 per cent - 20 per cent higher22. A 
decrease in mean particle size usually increases the reflectance. 
Particle size also dictates diffuse reflectance. The reduction 
in particle size increases the inter particle boundaries and 
therefore the number of reflections at the boundaries increases. 
Thus, reflectivity increases at most of the wavelengths when 
the particle size decrease23,24.

1.2 LZ Advantages
The RE pyrochlores (Re2Zr2O7, Re = La, Gd) are very 

stable materials even under a reducing atmosphere (APS 
coating atmosphere for example) and are potential candidates 
for TBC applications. The structure of ‘La’ and ‘Gd’ zirconates 
remain stable under reducing atmosphere of Ar(g)/3%H2(g) at 
1400 °C. It is reported that the formation and phase stability 
of Re2

3+ Zr2
4+ O7

2- pyrochlores can be attributed to the radius 
ratio of ions i.e. rc= r3+Re /r4+Zr. for rc= 1.46–1.78 at standard 
conditions, pyrochlore structure remains stable whereas fluorite 
is stable when rc is less than 1.46. LZ, with an rc= 1.61, can 
also form at a relatively low temperature5. The zirconates with 
pyrochlore structure, are predominantly cubic and ionic, allow 
variety of atomic substitutions at the A, B and O sites when the 
ionic radius and charge neutrality conditions are met. Double-
layer coating with La2Zr2O7 as top coat was adopted since it is 
reported that such a bi-layer coating enhanced the temperature 
capability of the coating by >100K. LZ also has good chemical 
compatibility with YSZ at least upto 1250 oC1,25-27. Due to low 
sintering tendency, the nano-grains could be observed in the 
coating after thermal cycling6. LZ remains stable in a large La/
Zr molar ratio range, from 0.87 to 1.15 and remains so even 
when the La2O3 composition changes ±10 per cent from the 
stoichiometry26,28. Large amounts of metastable fluorite phase 
forms during rapid solidification, typical of plasma spray 
conditions. This fluorite transforms to pyrochlore. This is 
not critical, since no significant volume change is associated. 
But, due to the considerably higher vapor pressure of La2O3 
compared to ZrO2, the processing of LZ by APS is challenging, 
resulting in non-stoichiometric coatings. The torch power 
exerts major influence on the coating stoichiometry. If the gun 
is operated with hydrogen as secondary plasma gas, as in the 
present case, the stoichiometry is strongly affected and is well 
reflected by the lattice parameter. ‘La’ depletion leads to a 
decrease of the lattice parameter29.

 
2.  SYNTheSIS Of NANO pOwDeRS

Since chemical synthesis yield microspheres composed 
of very fine grains10,12, it was preferred in the present work. 
Also wet chemistry methods provide fascinating alternatives 
and mixing of species occurs on the atomic scale, thus 
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producing materials with high compositional homogeneity 
and stoichiometry control3,7,8,11,30. Weakly agglomerated nano-
particles could be prepared via conventional hydrothermal and 
molten salts method. However the smallest crystallite size and 
nano-grains were realised by the alkoxide route5. The chemistry 
of the process used in RE zirconates and cerates influences 
size of crystallites, crystallisation temperature and powder 
morphology. Crystallite size of approximately 10 nm, could 
be synthesised employing the stearic acid and co-precipitation 
routes7. For uniform particle size, care is taken to produce fine 
particles with lower dispersity. It was observed that stabiliser 
used in the process influences the particle size uniformity. 
Stearic and eicosanoic acids resulted better uniformity with 
standard deviations varying between 5 per cent and 7 per 
cent12. The stabiliser used should be easily removed during 
calcination without leaving behind ionic impurities. Thus, 
carboxylic acids as stabilizers have a distinct advantage over 
alkali halide salts.

LZ powders with excellent phase and compositional 
control via co-precipitation method was obtained and the 
absence of other precursor ions was validated by ICP-MS. The 
choice of pH being critical in any co-precipitation process, 
it was shown that the precipitate be collected beyond pH 10 
for obtaining phase-pure LZ31. So, in co-precipitation, the 
hydrolysis reaction is primarily controlled by controlling the 
pH of precipitation and the rate of addition of the precursor7,32,33. 
If precursors containing Zr4+ and La3+ ions and a precipitating 
agent, such as ammonium hydrate, are added in different order, 
they support different hydrolysis-complex conditions. In one 
case the reaction occurs initially in an acidic environment 
and slowly changes to basic, whereas in the reverse order, the 
reaction occurs in a constant strong basic environment. These 
differing reactions alter the hydrolysis-complex processes, 
thereby resulting in changes in morphology, size, crystalline 
phase and even the chemistry of the final precipitates. Thus, 
adding chemicals in a different order also affects the product 
composition and structure. Reaction in acidic environment is 
not a true co-precipitation process and a mixture of lanthanum 
hydroxide and zirconium hydroxide results7. The powder 
prepared through co-precipitation is amorphous to X-rays as 
long as it is calcined below 600 °C. Well defined Raman bands 
were not observed in the case of the citrate precursor heated 
to temperatures below 1000 °C. But after calcination at 1200 
°C, four of the six Raman bands for LZ were observed32. The 
scatter was less in co-precipitation route compared to flash 
combustion and citrate methods. Also LZ prepared through 
co-precipitation followed by ethanol washing showed much 
higher surface area compared with the other methods32. The 
BET values showed that the LZ (A-Alkoxide powder) had 
lower surface area compared to the LZ (C-Citrate powder) 
synthesised by the citrate route at 1000 °C. Thus the values of 
density and surface area are process dependant5. The process of 
preparation has a strong effect on structure, texture and surface 
properties of the mixed oxides34.

2.1 Crystallisation
The crystallisation temperature (CT) for the LZ powders 

prepared via co-precipitation was found to be 870 °C from the 

thermal analysis4,7,31. As temperature increases, phase transition 
from fluorite to pyrochlore takes place from 1000 °C onwards 
and converts fully (100 per cent) to pyrochlore at 1450 °C4. The 
CT depends on the preparation method used, 818 °C for citrate 
route and 870 °C for alkoxide routes5. An exothermic peak 
in TGA-DTA (without weight loss), denotes crystallisation. 
The tiny exothermic peak in the DTA at about 1000 °C (1045 
°C)7 without weight change refers to fluorite-pyrochlore 
transformation. But during thermal treatments/sintering at high 
temperatures the nano powders get agglomerated. few reports 
indicate the presence of nano grains even after short thermal 
exposures, which was verified in the present study. The degree 
of agglomeration, density, the crystallite size and surface area 
are process dependant5,12,13,16,32,34.

2.2 Impurities
It is well known that, lower the impurity content (namely 

oxides), higher the stability of YSZ powder. So, oxide 
impurities need to be controlled. This slows down the phase 
transformation kinetics. Silica, even at <1 wt. % in YSZ coating, 
adversely affects the thermal cycling life of the coating. It was 
found that silica gets segregated especially at grain boundaries 
triple points where it may lead to local instability26. Taylor et 
al. found that restricting the total impurity oxides (SiO2, Al2O3, 
CaO, MgO, TiO2) content to < 0.15 wt. % in YSZ, delayed the 
tetragonal to monoclinic transformation8. The segregation of 
deleterious impurities at the bond coat- thermally grown oxide 
(TGO) interface, makes decohesion at the interface easier. The 
most deleterious impurity, sulphur, at less than 1/3 monolayer 
coverage, reduces adhesion by a factor31 of 10. In the present 
research the total oxide impurities content could be restricted 
to 0.03 per cent maximum (Table 1). The minimum purity of 
YSZ and LZ obtained are 99.9 per cent and 99.95 per cent, 
respectively. 

3.  eXpeRIMeNTAL pROCeDURe
3.1 Materials and methods

for preparation of LZ, zirconium oxy-chloride is the key 
starting material produced from Zircon, a natural combination of 
Zirconia (ZrO2) and Silica (SiO2). It is also found concentrated 
with other heavy minerals e.g., Ilmenite, Rutile, Garnet, 
Sillimanite, Monazite and Xenotime in beach sand. Zircon is 
separated from associated heavy minerals as a byproduct while 
processing through a series of gravity separators followed by 
a combination of high tension separators, magnetic separators 
and specific gravity separation devices. Zirconium salt is 
extracted from zircon by chemical process which includes 
hydro-metallurgy and solvent extraction process.

Zircon is decomposed by treating with caustic soda at 
around 600 °C to form a fusion decomposed zircon product 
which is leached with water to remove easily soluble sodium 
silicate and filtered to obtain a cake, the zirconium frit. This is 
treated with hydrochloric acid and filtered to obtain zirconyl 
chloride solution. Purification of zirconyl chloride and removal 
of impurities like iron, titanium, silica through basic sulphate 
process yields a zirconium basic sulphate product with good 
purity of >99 per cent of zirconium (elemental purity). for 
high pure zirconium oxy-chloride, the sulphated zirconium 



DEf. SCI. J., VOL. 69, NO. 2, MARCH 2019

188

compound is hydrolysed with ammonia and is converted to 
zirconium hydroxide. further hydrochloric acid dissolution, 
purification by solvent extraction using tertiary amine and 
crystallisation yields a zirconium oxy-chloride product in a 
very high pure state suitable for TBC application. Zirconium 
oxy-chloride is converted to zirconium oxy-nitrate and is also 
used for co-precipitation with lanthanum.

for LZ synthesis, solution of zirconium oxy-nitrate and 
lanthanum nitrate in distilled water was prepared separately. 
Both the solutions were then mixed together. The amount of 
lanthanum in the above solution was such that the final ratio by 
weight of La2O3 to ZrO2 was 56:41. following this dissolution, 
the solution was sprayed to a dilute ammonia solution bath 
kept under agitation. The bath pH was kept at 8.5 to 9 by 
adding ammonia. The co-precipitated hydroxide was filtered 
and thoroughly washed free of nitrates. The gel cake was 
mixed with 2%w/v poly vinyl alcohol (PVA) and dried slowly 
at 150 °C for 8 h. The dried cake was crushed and calcined in a 
furnace at 850 °C for 2 h by maintaining a heating rate of 5 °C/
minute. The calcined powder was vibro-screened to eliminate 
finer fractions to maintain a size range of >20 microns. The 
synthesis process is depicted in the form of a flowchart as 
shown in fig. 1.

3.2 Characterisations
The calcinated powder as analysed using inductively 

coupled plasma optical emission spectroscopy (ICP-OES-
OptimaV) has the following impurities and as shown in Table 1.

Table 1. Chemical analysis for impurities in Lanthanum 
Zirconate prepared by co-precipitation route

Constituents Value in per centage
fe2O3 <0.003
Al2O3 <0.006 
TiO2 <0.005
SiO2 <0.005
CaO <0.003
MgO <0.005
P2O5 <0.001

Powder morphology was investigated using SEM (Hitachi 
Ltd, S-4160). figure 2 provides a comparison of spray dried, 
sinter agglomerated nano powders and the coating of spray dried 
powder. The spray dried nano YSZ powder was made using the 
sol-gel route for an earlier work. The crystal structure of the 
YSZ powder, to distinguish cubic and tetragonal phases, was 
determined by X-ray diffraction. Cu-Kα and Co-Kα radiations 
were employed both on powders and coated samples. A 
constant step scanning, with a scan rate 0.2° 2Ѳ/min, was used 
in the 2Ѳ range of 20–80 degrees. It was observed that both the 
spray dried nano-powder and its coating contained significant 
amount of ‘monoclinic’ phase, whereas the indigenised and 
sinter-agglomerated YSZ powder had either no monoclinic 
phase or marginal amount (below the detection limit of XRD) 
fig. 3. 

Thus, the newly synthesised YSZ powder showed 
maximum amount of ‘tetragonal’- t’ phase compared to the 
other two powder variants. This is due to complete intermixing 
of species in the atomic scale and the fact that particle size 
reduction stabilizes the high-temperature modifications. It is 
this t’ structure in YSZ, that is responsible for thermal stability 
and endurance of the coating1,18. Therefore the content of 
t’ should be as much as possible both in the starting powder 
& in the coating. The identification of cubic and tetragonal 
structures, on the basis of X-ray diffraction analysis only, 
can be erroneous because the lattice parameters of cubic and 
tetragonal structures are very similar. (ao= 0.5124 nm for cubic, 
and ao= 0.5094 nm and co= 0.5177 nm for tetragonal structures). 
The distinction of tetragonal phase lies in its characteristic 
peak-splits such as (002) (200), (113) (311), (004) (400), and 
(006) (600) etc., whereas the cubic phase exhibits only single 
peaks at all these positions. It was also seen that the chemistry 

figure 2. Morphologies of nano powder spray dried, nano powder sinter-agglomerated and powders from coated components.

figure 1. flow-chart for production of Lanthanum Zirconate.

(a) (b) (c)
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of zirconia precursor has a key role in the formation of 
the crystal structure, polymorphic transformation and 
crystalline growth.

The LZ powder morphologies, onset of sintering and 
crystal structure were also studied on the ready to spray LZ 
powder using TEM-Model Technai-G2 (fig. 4 and fig. 5). 
The spherical shape of the powder can be clearly seen in 
figs. 4(a) and 4(c). The onset of sintering and agglomeration 
is evident in figs. 4(a), 4(b), and 4(d). This is the condition 
of the powder after initial calcination at 850 °C for 2 h and 
preheating at 650 °C for 2 h prior to coating to remove 
moisture. It is observed that agglomeration and ease of 
sintering strongly depend on the particle level cleanliness 
of the powder. Remnants of certain radicals in the powder 
may act as catalysts in accelerating the sintering process 
whereas few others may increase sintering resistance. 
Extensive studies are required in this direction and is 
beyond the scope of the present work. The SAD pattern in 
Fig. 5 confirms the fluorite structure which gets converted 
to pyrochlore upon usage. This is not a cause of concern 
since fluorite-pyrochlore transition does not involve volume 
changes which can threaten the coating integrity.

3.3 Thermal Barrier Coating Application 
Surface of the component was prepared by grit 

figure 3. Structure of coated powder (Nano spray dried YSZ), Nano spray dried powder and sintered agglomerated nano poder. 
Tetragonal structure of the latter is attributed to split peaks (using Co- Kα radiation).

figure 4. Transmission electron micrographs of sintered LZ powder 
having size range of 10 nm to 200 nm.

(a) (b)

(d)(c)

(a) (c)

(d)(b)

Low Bragg angle peaks
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blasting. Synthetic alumina of 120-140 grit sizes were used 
for the purpose. The calcined and screened powder was air 
plasma sprayed on to cast Ni-base super alloy substrates and 
components preliminarily coated with MCrAlY bond coat (Cr 
15-19%, Al 5-7%, Y 0.2-0.7%) and less than 50 μm size) and 
YSZ top coat (thickness 100 μm ). LZ was applied (thickness 
50 μm - 60 μm) over and above the YSZ to produce a bi-layer 
TBC. The interruption between YSZ and LZ coatings was kept 
as low as practicable for better adhesion. The total maximum 
thickness was kept well below 250 μm. The spray parameters 
are given in Table 2. Powder feeding disc speed was between 35 
per cent - 50 per cent. Temperature measurements on specimens 
and components after coating, which varied in the range 250 
°C - 275 °C, was done using hand held IR thermometer IR-L-
900. To check the adhesion and quality of the coating on the 

specimens (70 mm x 20 mm x 2.5 mm), production bend tests 
on 10 mm diameter mandrels were done. No visible spalling/
delamination was observed upto 60°. The bend test was also 
used to optimise the process parameters. On more ductile 
substrates, no delamination/spalling was observed upto 90° 
bending.

Table 2. ApS coating parameters

plasma parameters MCrAlY 
bond coat

YSZ 
coating

LZ 
coating

Plasma Gun f4-MB f4-MB f4-MB
Current (A) 650 650 675
Voltage (V) 77.5 73.8 74.3
Power (kW) 50.4 47.9 50.2
Primary- Argon (NLPM) 55 55 55
Secondary- Hydrogen (LPM) 13 13 13
Carrier Argon (LPM) 6 5 5
Temperature (°C) 3225 3460 3600
Particle velocity (mm/s) --- 243 257
Standoff distance (mm) 100 100 100

4. ReSULTS AND DISCUSSION
figure 6 shows the microstructure of the coated sample. 

The sample contains small pores on the surface. This is due 
to the venting of entrapped gases during solidification which 
is intrinsic to air plasma process. Semi-molten, molten and 
unmelted regions are also visible. Though the process was not 
tailored to create vertical cracks in the coating, few vertical 
cracks are also evident. The estimated density and porosity of 
the processed coating, according to the Archimedes’ method, 
are 5.40 g/cc and 11 per cent, respectively. After coating, 
the stoichiometric ratio of ZrO2/La2O3 differed from initial 
composition of the powder due to the evaporation of La2O3 
in high temperature reducing environment of plasma. This 
is expected and well reported in literatures. As can be seen 

Figure 5. Selected area diffraction pattern (SADP) of sintered 
LZ powder (ready to spray condition) showing fluorite 
structure. Zone axis is near [011].

figure 6. SeM micrograph of the top coat-Lanthanum zirconate. few cracks are visible on the coating. The coating consists of 
melted, partially melted and unmelted powders and splats typical to ApS.

(a) (b)
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from the Table 2, the spray current at 675 Amps is also quite 
high. The semi quantitative results indicate the loss of La2O3 
(fig. 7). The higher current was employed to prepare a coating 
with significant resistance to high velocity gas erosion. 

However, as stated, LZ pyrochlore retains its stability 
even if the La:Zr ratio varies in the range from 0.87 to 1.15. 
Therefore well defined peaks of cubic pyrochlore are evident 
in fig. 8 in spite of La2O3 losses during plasma spraying. The 
coating was examined for the presence of nano-structure using 
TEM (Fig. 9). The diffraction pattern confirms that the coating 
consists of nano-particles. Nano structure could be retained 
in spite of the higher current values than typically employed 
during such operations. The presence of copper in the spectra 
is due to the copper grid used in TEM. 

The bi-layer YSZ-LZ coated flaps were assembled and 
tested in an aero-engine which was under accelerated mission 
testing for long endurance (fig. 10). The coating withstood 
rapid thermal transients, supersonic flow of combustion 
products along with vibratory loads of about 4 ‘g’. The coating 

sustained 1000 h equivalent of engine operation and more than 
30000 nozzle actuations. No chipping off or spallation of the 
coating was observed as can be seen from fig. 10. It is also 
evident that the two flap with indigenous nano structured bi-
layer coating have hardly tarnished compared to the other flaps 
which were coated with commercial YSZ grade. Also the two 
flap had lesser warpage compared to others which could be 
due to higher insulation effectiveness of bi-layer coating27. 
This could be realised right first time due to the application 
of multiple strategies like nano structures, bi-layer thermal 
barrier, high purity materials and a thermally stable sinter 
resistant coating as the top coat among others. 

figure 9. Nano structure of LZ is evident after coating.

figure 7. eDS results of Lanthanum zirconate coating, the loss 
of some lanthanum is evident.

Figure 8. XRD pattern of lanthanum zirconate using Cu- Kα 
radiation: well-defined peaks confirming the presence 
of cubic- pyrochlore phase of La2Zr2O7 (JCpDS card 
number 73-2363).
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5. CONCLUSIONS
Nano structured high purity grade YSZ and LZ could 

be prepared from beach sand containing monazite and zircon 
following wet chemical route i.e. co-precipitation method. The 
sinter-agglomerated powder could be successfully sprayed 
using APS and a bi-layer TBC was realised. The coating 
withstood the rigour of aero-engine endurance test. The 
following conclusions are made.
(a) Agglomeration of nano powders depends on the process, 

chemicals used and the degree of washing done during 
powder preparation.

(b) The adopted process could ensure very low level of 
oxide impurities (<0.03 %) which is beneficial to coating 
stability and life. The present process can be scaled up for 
bulk production. 

(c) Nano structure could be retained after plasma spraying.
(d) Fluorite-pyrochlore transition does not affect coating 

integrity.
(e) LZ has good long term physico-chemical compatibility 

with YSZ. The bi-layer coating offers higher thermal 
insulation and is quite durable.
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