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Transmission Electron Microscopy
Observation of Microstructure of
Plasma-Sprayed Nanostructured Zirconia Coating
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Nanostructured zirconia coatings deposited by plasma spraying technique were observed using transmission
electron microscopy (TEM). It was found that the as-sprayed nanostructured zirconia coating had bimodal
microstructures in terms of grain size distribution in the direction parallel to substrate surface. One was in
the range 30-120 nm, which was the dominative structure of the coating, and the other was about 150-400 nm.
The cross-section micrograph of the plasma sprayed nanostructured zirconia coating revealed that the coat-
ing still exhibited lamellar structure with columnar grains extending through its thickness. In conjunction
with partially molten zirconia grains, amorphous regions were found. Domain structure and superlattice
structure were observed in the plasma-sprayed nanostructured zirconia coating. The formations of the do-
main and superlattice structures are discussed in this paper.
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1. Introduction

Zirconia-based coatings partially stabilized with yttria
(Y,05) are commonly used for thermal protection and anti-
corrosion of hot section components due to their low thermal
conductivity and high coefficient of thermal expansion as well
as their good mechanical properties.['*! Recently, the prepara-
tion of nanostructured zirconia coating using thermal spraying
technique has attracted great attention. Some information on the
plasma-sprayed nanostructured zirconia coatings has been re-
ported.’>-") However, few reports on detailed microstructures of
the plasma-sprayed nanostructured zirconia coating have been
published. The object of this research was to examine the micro-
structures and defects presenting in the nanostructured zirconia
coating deposited by plasma spraying technique using transmis-
sion electron microscopy (TEM).

2. Experimental Procedures

Nanostructured zirconia coatings were deposited on stainless
steel substrates by the plasma-spraying technique. The particle
sizes of partially stabilized zirconia nano-powders, which are
composed of tetragonal phase zirconia with small amount of
monoclinic zirconia, are in the range of 70-110 nm, as shown in
Fig. 1. To improve the flowability of the nano-powders in
plasma spraying, the nano-powders were reconstituted into
spherical and near-spherical micrometer-sized granules by the
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Fig.1 Micrograph of the starting nano-zirconia powders
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Fig. 2 Particle distribution of the spray-dried powders
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spray-drying process before plasma spraying in this experiment.
The size distribution of the spray-dried powders was measured
by natural depositing method (Fig. 2). As indicated in Fig. 2, the
spray-dried powders distribute mainly in the range of 15-40 pm

Table 1 Plasma Spraying Parameters

Parameters Values
Current, A 620
Voltage, V 72
Ar, slpm 42
H,, slpm 12
Carrier gas, slpm 35
Powder feed rate, g min " 19
Spraying distance, mm 120
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Fig. 3 XRD spectrum of plasma-sprayed zirconia coating
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Fig. 4 TEM morphologies of nanostructured zirconia coating

524—Volume 12(4) December 2003

and their median size is about 27 um. The Metco A-2000 atmo-
spheric plasma spraying equipment with F4-MB plasma gun
(Sulzer Metco AG, Wohlen, Switzerland) was selected to de-
posit the nanostructured zirconia coatings. The spray parameters
are tabulated in Table 1. Prior to spraying, the substrates were
degreased ultrasonically in acetone and blasted with alumina grit
to improve bonding strength.

A RAX-10 x-ray diffractometer (Rigaku, Tokyo, Japan) op-
erating with Cu K, (A = 1.54056 A) radiation was used to iden-
tify phase composition of the nanostructured zirconia coating.

Thin foil samples of the zirconia coating were prepared for
TEM observation. A coating sample with thickness of about 600
pum was attached to a tripod polisher with glue and polished from
both side until the thickness of the coating became approxi-
mately 30 um. The specimen was further reduced with a low-
angle ion thinning precise ion polishing system (PIPS). The mi-
crostructures of the as-sprayed zirconia coatings were examined
with a JEM-200CX TEM (Jeol, Tokyo, Japan) at an accelerating
voltage of 200 KV.

3. Results and Discussion

Figure 3 shows the x-ray diffraction (XRD) pattern of the
as-sprayed zirconia coating. From Fig. 3, it can be found that the
plasma sprayed zirconia coating is composed of tetragonal phase
zirconia. Due to the existing of yttria (Y,05) and high heating/
cooling rate of plasma spraying process, the tetragonal phase
was retained in the as-sprayed zirconia coating at room tempera-
ture. 1101

The most frequently observed structures of the plasma-
sprayed zirconia coatings are fine crystalline zirconia grains as
shown in Fig. 4. It was found that the size distribution of the
plasma sprayed nanostructured zirconia coating is heteroge-

Journal of Thermal Spray Technology



Fig. 5 TEM micrograph of (a) zirconia grain and (b) corresponding SAD pattern

neous. It had bimodal microstructures in terms of grain size dis-
tribution in the direction parallel to substrate surface. One is
nanometer grain distributed in range of 30-120 nm (Fig. 4a),
which is the dominative structure of the zirconia coating. This
structure of Fig. 4(a) is more than 80% as volume fraction as
concerned in the as-sprayed nanostructured zirconia coatings.
The other is coarser grain with size in the range of 150-400 nm,
as shown in Fig. 4(b). The sizes are much bigger than those of
primary grains of feedstock, as shown in Fig. 1. This indicates
that quick growth happened at some grains during the plasma
spraying. Plasma spraying process has high heating and cooling
rates. The zirconia grains did not have enough time to grow, so
most of the zirconia grain sizes stayed in the nanoscale range.
However, it was also noted that some grains grew unavoidably
up over 100 nm in the as-sprayed coatings, which is due to their
different thermal history during plasma spraying. It is believed
that temperature differences of several hundred degrees may ex-
ist in the gas flow field.!'""'*) The long spraying time is another
possible reason for the growth of grain. Tetragonal phase zirco-
nia is the primary phase of the as-sprayed zirconia coating pro-
viding proof of the analysis of selected-area diffraction (SAD),
as shown in Fig. 5, which corresponds with the result of XRD
analysis (Fig. 3).

Figure 6 shows the TEM micrograph standing for the cross
section of the plasma-sprayed nanostructured zirconia coating.
The micrograph revealed that the zirconia coating still exhibited
lamellar structure orientated approximately parallel to the sub-
strate surface.['*'*] The lamellae were typically 0.3-0.6 um
thick with columnar grains extending through its thickness. The
microstructure of the lamellae is believed to be determined by
the rate and direction of greatest heat removal from the deposited
materials and its mode of crystallization.['>! The diameters of the
columnar grains were ranging from 60-80 nm and their lengths
were in the range of 150-350 nm as shown in Fig. 6. These co-
lumnar grains were nucleated firstly on the impact interface and
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Fig.6 TEM micrograph showing columnar grain structure of zirconia

grown through the molten splat to the opposite interface.!'*'®!

The temperature gradient existing in the gas flow also causes
the columnar grain growth throughout the thickness of the
splat.[!1-13]

The lamellar interface in somewhere was found to be discon-
tinuous, resulting in cracks and interlamellar porosity that are
about 10-30 nm in width, as shown in Fig. 6. These cracks and
interlamellar porosity were believed to arise due to differential
thermal contraction rates of two neighboring splats.l'*] How-
ever, due to the good melting of nanostructured zirconia feed-
stock in the plasma jet, the splats underwent strong spreading
and flattening when they impacted on substrate and previously
deposited coating. Hence, the single splat is thinner than tradi-
tional plasma-sprayed zirconia coating and the interfaces be-
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Fig. 7 (a) TEM micrographs of nanostructured zirconia coating: morphologies; (b) SAD pattern of the amorphous region, and (¢) corresponding
HRTEM image of the interface between crystalline zirconia and amorphous region

tween two splats are narrowed. As a result, more points of con-
tact or anchors between splats were created which will be
beneficial to increase the cohesion of coating.!”!

In general, the zirconia grains were piled tightly in the as-
sprayed nanostructured zirconia coating, as can be seen from
Fig. 4. However, in conjunction with partially molten zirconia
grains, amorphous regions were observed as shown in Fig. 7.
Due to the thickness of amorphous regions is about 10 nm,
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which is less than the diameter of diaphragm of the transmission
electron microscopy, its diffuse rings do not appear in the pat-
tern of SAD shown in Fig. 7(b). Further evidence of the amor-
phous phase was provided by high-resolution TEM examina-
tion. Figure 7(c) is a lattice image taken from the small area
indicated by the needle in Fig. 7(a). The ordered and disordered
structure regions represented crystalline zirconia (A, B, C) and
amorphous region (D), respectively. C is a fine nano-grain
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Fig.9 Twin-related plate of nanostructured zirconia coating

(about 10 nm) crystallizing from the amorphous region. It is at-
tributed to the high heating/cooling rate of plasma spraying pro-
cess; there is little time for the crystalline zirconia to grow. The
amorphous region is believed to contribute to the cohesion
strength of the plasma-sprayed coatings.!'"!

Two kinds of interesting structures were found in the plasma-
sprayed nanostructured zirconia coating. One is domain struc-
ture shown in Fig. 8 and 9. The change of grain shape and em-
bossment effect occurred on the surface of grains. This structure
was once reported in bulk zirconia ceramics.!'’>?! However, it
has not been reported in plasma-sprayed nanostructured zirconia
coating. This kind of domain structure is believed to be the re-
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sults of martensitic transformation from tetragonal to mono-
clinic, which led atomic or ion moving in phase as a whole.!'7"]

A plate of martensite was formed firstly at the defects of
grains by means of heterogeneous nucleation, and then grew up
quickly in vertical. The growing orientations changed when the
tip of the plate met grain boundaries or other inner defects. The
“N” or “Z” shape monoclinic zirconia appeared in the coating, as
shown in Fig. 8(a). The corresponding SAD pattern shown in
Fig. 8(b) revealed that the domain structure was composed of
monoclinic zirconia phase. It was reported that low content of
stabilizer caused the nuclei to grow up to neighboring plate lat-
erally and formed the lath martensite which were similar to the
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Fig. 10 (a) TEM micrograph; (b) [111] SAD pattern of tetragonal zirconia and (c) corresponding HRTEM image

parallel twin plates in zirconia bulk ceramics observed by Bansal
and others.!'”'®2!1 The neighboring lath martensites have a par-
allel twin relationship as shown in Fig. 9. It was believed that
twin-related plates were evidence of the lattice invariant shear
associated with the martensite from tetragonal to monoclinic
transformation.*'! This transformation may play an important
role on the improvement of mechanical properties of coatings,
such as strength and toughness.!'**”! The domain structures in
nanoscale were formed because the time of cooling and solidi-
fying of molten particles was very short during plasma spraying.
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The other interesting structure is superlattice structure, which
was obvious in the plasma-sprayed nanostructured zirconia
coatings (Fig. 10). From the SAD pattern and the high-resolution
TEM image of the [111] zone of tetragonal zirconia, it was found
that except for the normal diffractive spots, another set of dif-
fractive spots was appeared in the SAD pattern of tetragonal zir-
conia grain (Fig. 10b). From Fig. 10(c), it can be seen that a
superlattice plane appeared between two crystal plans of (110)
direction, as indicated with an arrow. Superlattice structure is a
derivative structure,'** which was caused by the strong pertur-
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bation of the plasma spraying. The derivative structure has
larger unit cell than that of the base structure. It is calculated that
the interplanar distance of superlattice structure in (110) direc-
tion of the grain is 0.541 nm, which is about twice of the normal
structure grains. Usually, zirconia grains in range of 80-120 nm
had superlattice structure in the plasma-sprayed nanostructured
zirconia coating.

4. Conclusions

Plasma-sprayed nanostructured zirconia coating was ob-
served by transmission electron microscopy. It was found that
the nanostructured zirconia coating has bimodal microstructures
in terms of grain size distribution in the direction parallel to sub-
strate surface. One is in the range 30-120 nm, which is the domi-
native structure of the coating, and the other is 150-400 nm. The
cross-section micrograph of the nanostructured zirconia coating
revealed that the coating still exhibited lamellar structure with
columnar grains extending through its thickness. Amorphous re-
gions were found in conjunction with partially molten zirconia
grains. The domain structure was also observed in the plasma-
sprayed nanostructured zirconia coating, which is explained in
terms of the phase transformation of martensite from tetragonal
to monoclinic. In addition, superlattice structure appeared in the
plasma-sprayed nanostructured zirconia coating.
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