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Abstract: Yttria stabilized zirconia coatings were deposited using two different sets of parameters (N1, N2 coating).
The microstructure features, such as total porosity and large porosity, were quantified by means of scanning electron
microscope and image analysis. The three-dimensional distribution of microcracks and segmentation cracks was
successfully revealed by the X-ray microscopy in the scanning electron microscope with three-dimensional
microtomography capability. So the relationship between microstructure and thermal conductivity was found. At room
temperature, thermal conductivity of N2 was lower than that of N1 due to larger pores and microcracks. At 1000°C

thermal conductivity of N1 was lower for the sintering of microcracks. The segmentation cracks formed by the

propagation of microcracks could effectively reduce the thermal conductivity at high temperature.
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Plasma sprayed yttria-stabilized zirconia coatings
continue to dominate the application of thermal barrier
coatings for gas turbine engines to improve the durability
and reliability as well as the efficiency of engines!' ™.
During the spray process, powder materials are injected
within the plasma jet where they are accelerated and
partially or totally melted, then flatten upon impact and
solidify onto the substrate, forming splats. Then the coatings
are built up by the layering of splats™®. At last, this process
leads to the formation of coatings with lamellar
microstructure and other microstructure defects such as
interlamellar pores and large globular pores. In addition, the
rapid quenching associated with the plasma spray process
causes microcracks with high density in the coatings'*®.
These microstructure features, as a consequence, have a
great impact on the thermal property of the coatings'”™.
Recent investigations on plasma sprayed coatings have
always focused on the relationship between microstructure
and coating behavior such as thermal conductivity.
Chi"!and Kulkarni et al'” demonstrated that interlamellar
pores played a significant role in the reduction of thermal

U1 and Ahmaniemi et al''? reached

conductivity. Kachanov
a conclusion that horizontal cracks reduced the thermal
conductivity of the coatings in the direction of heat

transfer. In order to establish relationships between micro-

structure and thermal conductivity, the microstructure
characterization is the crucial issue to solve. However,

techniques widely used such as image analysis!*"!

require
reliable and reproducible cross-sectional images, and
small-angle neutron scattering (SANS) needed 3—4 mm
thick coatings to be deposited'®. And both of them can
not yield compositional information because it is merely a
two-dimensional image. Until now, there have few studies
investigating the internal microstructure of the coatings,
and it is difficult to obtain an all-around three-dimensional
characterization of the microstructure.

In this study, the microstructure features such as total
porosity and large pores were quantified by scanning
electron microscope combining with image analysis. The
X-ray microscopy and microtomography were used to
detect the porosity and cracks within the coatings and
obtain insights into the three-dimensional microstructure.

1 Experimental procedure

1.1 Materials and preparation

The commercially available fused and crushed ZrO,-
3mol%Y,0; powder was used as starting material (with
the medium size of 41 um). The Metco A-2000 atmospheric
plasma spray equipment with a F4-MB plasma gun (Sulzer
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Metco AG, Switzerland) was adopted to deposit coatings.
Meanwhile, the parameters of plasma spray gun were
summarized in Table 1. In addition, the in-flight particle
velocity and particle temperature prior to impact onto target
substrate were measured using on-line monitoring system

(Spray Watch 2i, OSEIR, Finland), also as shown in Table 1.

Prior to spraying, the aluminum substrates were grit blasted
and degreased ultrasonically in acetone.
1.2 Characterization of specimens

Free-standing coatings were used to characterize
microstructure. The porosity was measured by quantitative
image analysis on scanning electron microscope. The
polished coatings cross-section was obtained using the
standard procedures for thermal spray ceramic coatings.
Vacuum impregnation was employed to prevent major
pullouts in metallographic preparation. In order to
measure the porosity, the back-scattered electron imaging
mode was adopted for sharp contrast between pores and
ceramic matrix. And fifteen fields of each specimen were
selected stochastically.

The two-dimensional X-ray images were obtained by
the Gatan X-ray Ultramicroscopy which was a high
performance scanning electron microscopy-hosted X-ray
Microscope. Au target was used with the accelerating
voltage of 30 kV. The resulting average detected X-ray
energy is constrained by the accelerating voltage and the
detector sensitivity to around 9.7 kV. The coatings were
thinned to 15-30 pm on the Gatan Centar Frontier to
allow transmission of the relatively soft X-ray, then
mounted and coated with 50 nm of platinum using a
Gantan PECS. After imaging, a small sliver was cut from
each coating to acquire tomographic datasets which
consisted of 190 images of the samples with 1° interval.
Each set of tomographic images was processed through
phase retrieval to convert the phase-contrast images into
the form suitable for the combined use with a conventional
tomographic reconstruction algorithm!'”). The Gatan GPU
accelerated cone beam reconstruction software in Digital
Micrograph was adopted for tomographic reconstruction of
the three-dimensional volume from the processed images.

Thermal diffusivity o of coatings was measured using
laser flash method, and the specific heat capacity (C,) was
measured by Differential Scanning Calorimetry. Then the
thermal conductivity 4 was calculated by Eq.(1) where the
density p was measured by the Archimedes method.

A=C,ap (1)

2 Results and discussion

2.1 Characterization of porosity
Figure 1(a) and (b) show the typical SEM images of

polished cross-section of N1 and N2 coatings. During the
image analysis, the areas which are marked with the
arrows in Fig. 1 represented the large pores (one
dimensional diameter is larger than 10 pm), while the rest
black parts were considered to be the small pores. The
total porosity was the sum of all voids, i.e. small pores,
large pores, splats boundaries and cracks. Thus, the
volume fractions of large pores and total pores of all the
coatings are shown in Fig. 2.

It could be concluded that the total porosity and large
porosity of N2 coating were obviously larger than that of
N1 coating. The reason could be that more partially melted
powders  with particle temperature = were
incorporated into the coating, leading to the increase of
large pores. In addition, due to lower velocity of particles,
the kinetic energy of the in-flight particles was smaller,
which resulted in imperfect contact of splats, increasing
large pores. On the contrary, the small pores in this study
could contain cracks, small voids and delamination pores,

lower

for which the measurement using image analysis was
difficult.
2.2 X-ray microscopy and microtomography
Both the absorption-contrast X-ray Ultramicroscope
images and the phase-contrast X-ray Ultramicroscope
images of the N1 and N2 coatings are shown in Fig. 3 and
Fig. 4. Absorption contrast depended on both the energy of
the incident X-ray beam, the attenuating properties of
structures within the sample and the thickness of those
microstructures, while phase contrast arose from the
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Fig. 1 SEM images of cross section of polished coatings
(a) N1; (b) N2
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Fig. 2 Volume fractions of pores in N1 and N2 coatings
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Tablel Parameters of plasma spray gun

Sample Current/A Ar/(L*min™") Hy/(L*min™") Spray distance/mm Temperature/'C Velocity/(m* sh
N1 650 35 12 120 3277 201
N2 550 35 12 120 3174 182

refraction of X-ray in samples. Large variations in
refractive index could occur to samples that present very
little variation in density (and hence showing little
absorption contrast). The phase of X-ray passing through
the samples was differentially sensitive to bulk and
interfaces even though no tremendous difference is
present'®). Therefore, phase-contrast imaging could be
employed to image these invisible details.

It can be clearly found that all the sprayed coatings
contained microcracks in the internal microstructure
(marked with the arrows in Fig. 4(b)). However, the number

of microcracks are rather dependent on the spray con ditions.

The N1 coating has more microcracks than the N2 coating.
Microcracks were generated in the coatings as a result of
the release of quenching stress as splats solidified and
cooled down. With the increase of temperature, the melting
state of splats would become better, which caused more
microcracks after the splats solidified. In addition, the
improvement of melting state of splats would lead to better
bonding between the splats, which could enable the
propagation of microcracks between lamellaes and the
formation of through-thickness cracks. Consequently, the
segmentation cracks were initiated"'”.. Thus, compared with
the N2 coating, there were also more segmentation cracks in
the N1 coating which are marked with arrows in Fig. 3.

50 pm

Fig.3 X-ray microscopy images of N1 coating
(a) Absorption-contrast projection image; (b) Phase-contrast image

Fig. 4 X-ray microscopy images of N2 coating
(a) Absorption-contrast projection image; (b) Phase-contrast image

The reconstructed cross section of N1 coating is shown
in Fig. 5, which provides a better sense of the
three-dimensional distribution of the cracks. In agreement
with the findings in Fig. 3, a large number of microcracks
and segmentation cracks are present in N1 coating.

2.3 Thermal conductivity

The thermal conductivity of N1 and N2 coatings was
measured in the temperature ranging from room
temperature to 1000°C. The result is illustrated in Fig. 6.

Figure 6 shows both the thermal conductivity of N1 and
N2 coatings decrease with the increase of temperature. It
could be explained by the phonon (lattice waves)
conduction behavior. Interaction between phonon
scattering by grain boundaries and point defects, which
widely existed in the coatings, resulted in the intrinsic
thermal conductivity being inversely proportional to

\“-.

Segmentation
cracks

50 um

Fig. 5 Reconstructed cross section of N1 coating

1.4
1.3 —e—NI1
1.2F —a— N2
1.1F
1.0F
0.9
0.8
0.7F
0.6
0.5F
041
03
o2 L

0 200 400 600 800 1000

Temperature / °C

Thermal conductivity / (W-m™K™)

Fig. 6 Thermal conductivity of N1 and N2 coatings



%5 W

WANG Yong-Zhe, et al: Microstructure Characterization and Thermal Conductivity Analysis of Plasma... 553

temperature””. At room temperature, the thermal
conductivity of N2 coating was lower than that of N1
coating. The reason might be that at low temperature the
thermal conductivity of pores could be negligible, so the
increase of total porosity would lead to serious scattering
effect to the phonons, which further resulted in the
decrease of thermal conductivity of coatings. However the
thermal conductivity of N1 coating at 1000°C was lower.
This could be attributed to the sintering effect, in particular,
the microcracks had a great propensity of sintering!®' 2.
During the diffusivity measurement, the coatings were
held for approximately several hours at the high
temperature, which would cause the coatings to undergo
localized sintering. It can be found from Fig. 4 that there
are mass microcracks in N2 coating, as a result, the
thermal conductivity increases. On the contrary, micro-
cracks could propagate and penetrate into the adjacent
lamellae to form the segmentation cracks in N1 coating for
the better melting state of splats (as seen in Fig. 3).
Therefore the sintering effect of segmentation cracks is not
obvious. So the thermal conductivity of N1 coating with
more segmentation is lower than N2 coating at high
temperature.

3 Conclusion

Yttria stabilized zirconia coatings were deposited using
two different sets of parameters. Compared with N2
coating, both the total porosity and large porosity of N1
coating was lower due to the high in-flight particle
temperature associated with the better melting state. In
addition, mass microcracks were clearly found in the
internal structure of coatings by the X-ray microscopy and
microtomography. A large number of segmentation cracks
also existed in N1 coating and they were formed by the
propagation of microcracks between splats due to higher
tensile stresses during cooling. The thermal conductivity
of N2 coating was lower than that of N1 coating at room
temperature for strong scattering of phonons caused by
porosity high
temperature, the microcracks underwent localized sinter,

higher and more microcracks. At

however the sintering effects of segmentation cracks were
not obvious. Consequently, the thermal conductivity of N1
coating was much lower.
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