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The effect of starting granules on the indentation properties of air plasma sprayed thermal barrier coatings (TBCs) is investigated in
this paper. Various kinds of spray-dried granules are prepared from different processing conditions, especially varying solvent and
dispersant, showing a deformed hollow-typed and a filled spherical-typed granule. The similar coating thicknesses are prepared
by adjusting process parameters during air plasma spray. All XRD peaks in phase analysis are tetragonal and cubic phases without
any monoclinic phase after the starting granules were heat-treated. A relatively porous microstructure of the coating layer could
be obtained from the monodisperse granules, while a relatively dense microstructure resulted from the hollow-typed granules.The
morphology and distribution of the granules crucially affect themicrostructure of thermal barrier coatings and thus have influences
on indentation properties such as indentation stress-strain curves, contact damage, and hardness. The implication concerning
microstructure design of TBCs for gas turbine applications is considered.

1. Introduction

Thermal barrier coatings (TBCs) with typical 200∼600𝜇m
of thickness are widely used in gas turbine engine to protect
superalloy substrates from hot gas or particle impact [1, 2]. In
order to decrease the thermal mismatch and to improve the
adhesion between the coating and the substrate, a bond coat,
75∼200𝜇mof thickness, is usually deposited on the substrate,
and then topcoat is finally applied [3, 4].

For preparing these TBCs, air plasma sprayed (APS) coat-
ing and electron beam physical vapor deposition (EBPVD)
coating are widely used. While EBPVD coating shows supe-
rior strain tolerance and high calcium-magnesium-alumino-
silicate (CMAS) resistance due to its columnar microstruc-
ture [5], the thermal conductivity of the EBPVD is usually
higher and high manufacturing cost is also the main dis-
advantage of EBPVD coating. Air plasma coating has good
advantages in being more economic and having relatively
lower thermal conductivity.

Yttrium stabilized zirconia (YSZ) ceramics are the
most widely used materials for thermal barrier coatings in

the advanced gas turbine system, due to their low thermal
conductivity, relatively high thermal expansion coefficient,
comparable to metal substrate or bond coat and high
mechanical strength [2]. The operating temperature tends to
increase to over 1300∘C to enhance the energy efficiency of a
gas turbine system, which drives a new cooling system and
an increase of TBC thickness and adjusting microstructures
of the coating layer [3].

Microstructure of TBCs is determined by the feedstock
granules as well as spraying conditions. In particular, the
size, shape, and distribution of the starting granules are
critical to the microstructure and are the most important
parameters for the quality of TBCs. The thermal/mechanical
resistances and failure mechanisms are closely related to the
microstructure of TBCs, which is in turn influenced by the
granule morphology [6–9]. In this thermal and mechanical
resistance, wear resistance of TBC is important to prolong
the lifetime of gas turbine system. One critical problem of the
failures of TBCs is spallation or delamination of the coating
layers due to mismatch of thermal expansion between the
coating and the bond coat material. However, mechanical
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Figure 1: SEM micrographs of spray-dried granules with different magnification: (a) YZ-WH, (b) YZ-AH, and (c) YZ-WD.

resistance such as wear or strain tolerance is the other
required issue for resistance of spallation [3, 10–12].

Indentation techniques including nanoindentation and
Hertzian indentation are used to characterize the mechanical
properties of the thermal barrier coatings. AHertzian contact
test with a spherical indenter characterizes elastic and the
quasiplastic properties of thermal barrier coatings [13–15].
Instrumented indentation techniques such as nanoindenta-
tions can be used to investigate contact damage, fracture,
and mechanical properties related to wear of thermal barrier
coatings [16, 17]. Analysis studies on the indentation have
gained attention with numerous papers covering the topic of
TBC [18, 19].

In the present study the effects of morphology on spray-
dried granules, deformed hollow and filled spherical, on
the indentation properties of air plasma sprayed TBCs are
investigated using Hertzian indentation, microindentation,
and nanoindentation. The indentation stress-strain curves of
TBCs prepared from various staring granules are constructed
by Hertzian indentation. Hardness (𝐻) values of top coat
prepared fromdifferent starting granules aremeasured on the
surfaces using microindentations. The localized mechanical
characteristics, hardness and elastic modulus, are also mea-
sured and compared using nanoindentation technique in this
study.

2. Materials and Experimental Procedures

Three starting granules were used to prepare for the 8wt.%
YSZ coated materials in the laboratory: YZ-WH (spray-
dried hollow granules in water base), YZ-AH (spray-dried
hollow granules in alcohol base), and YZ-WD (spray-dried

dense granules in water base). The 8wt.% YSZ powders
were synthesized from a coprecipitation in a zirconium
oxychloride (ZrOCl

2
⋅8H
2
O) solution, doped with yttrium

nitrate, Y(NO
3
)
3
⋅6H
2
O. The mixed solution was neutralized

with an NH
3
solution. The reaction mixture was stirred for

30 minutes, filtered, washed with deionized water, and dried
for 1 day and then calcined at 1000∘C for 2 hr. After that, they
were crushed and sieved. The sieved powders were dispersed
again into slurry and ball milled for 24 hr with an organic
solvent, binders, and plasticizer. All powder batches were
mixed using Al

2
O
3
balls with 30 vol.% of jar. The solvent

in the slurry was distilled water or alcohol. The PVA 205
organic binderwas added inwater solution,while PVBbinder
was added in alcohol solution. LU6418 of dispersant was
added for YZ-WH, PEG for YZ-AH, and no dispersant for
YZ-WD. Constant inlet and outlet temperatures were varied
within range of 170∼210∘C for inlet and 70∼110∘C for outlet
during spray-drying. The atomizer speed was controlled in
the range of 6,000∼10,000 rpm. Therefore, three types of
starting granules were prepared as shown in Figure 1. YZ-WH
and YZ-AH show both hollow and filled spherical types, with
a relatively porous structure. The YZ-WH consists of about
70 vol.% hollow type and about 30 vol.% (Figure 1(a)) filled
spherical type, and the YZ-AH is a reverse ratio of 30 vol.%
and 70 vol.% (Figure 1(b)) of the hollow and spherical types.
On the other hand, the YZ-WD consists of 100% of filled
spherical types of granules (Figure 1(c)), respectively.

The spray-dried granules have been heat-treated to
enhance the feeding ability during plasma spray coating.
Heat treatments were conducted at 1250∘C for 10 minutes
after removing the binder and dispersant at a temperature of
600∼800∘C. The heat-treated granules were classified using
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an auto-sieve machine with a stack of sieves, 38, 45, 75, 106,
and 125 𝜇m. The starting granules for APS coatings were
selected in the size range of 45∼106𝜇m. The properties of
the feedstock for the coatings were reported in the previous
literature [20].

A nickel-based alloy (Nimonic 263, Ni-20Cr-20Co-
5.9Mo-0.5Al-2.1Ti-0.4Mn-0.3Si-0.06C in wt.%, Thyssen-
Krupp VDM, Germany) was prepared and sandblasted
to enhance the adhesion force. Bond coat (AMDRY962,
Ni–22Cr–10Al–1.0Y

2
O
3
, in wt.%, Sulzer Metco Holding AG,

Switzerland) materials were deposited on the Nimonic 263
substrate using 9MB (Metco 9MB, SulzerMetcoHolding AG,
Switzerland) equipment with a thickness of 𝑑 = 250 ± 20 𝜇m.
The deposition conditions of the bond coat were 35 g/min
of feed rate, 228mm of spray distance, and 3mm/sec of
deposition speed. Finally, YSZ thermal barrier coatings from
three starting granules, YZ-WH, YZ-AH, and YZ-WD, on
the bond coats were deposited using TriplexPro-200 (Sulzer
Metco, Switzerland) equipment. The coating thickness was
maintained in the range of 𝑑 = 600∼700𝜇m uniformly.
Details of the deposition conditions of the APS processes are
shown in Table 1.

The phases of the spray-dried granules were qualitatively
analyzed using an X-ray diffractometer (XRD, D/Max2000-
Ultima Plus, Rigaku, Japan). The microstructure of the
coating sections were investigated by scanning electron
microscope (SEM, XL30 Philips). The samples coated by
the APS process were cut and polished to a 1 𝜇m diamond
paste in order to observe the cross-sectional microstructures
including thickness of each TBC system prepared by the
developed granules. The porosities and splat boundaries of
the coating layers were quantitatively analyzed on 5 images
for each condition using image analyzer (IMT iSolutionAuto,
V.9.5, IMT iSolution Inc., Canada).

Hertzian indentation tests were made on the top surfaces
of YSZ coatings deposited by APS prepared from three
sets of starting granules, YZ-WH, YZ-AH, and YZ-WD,
using tungsten carbide (WC) sphere of radius 𝑟 = 1.21∼
12.7mm. The indenter was driven at a constant crosshead
speed 0.2mm/min to peak loads in universal testingmachine
(Instron 5567, USA). The experiments were performed to
get indentation stress-strain curves for YSZ coatings at loads
𝑃 = 10∼500N. The top surfaces of the coating layer were
deposited with a gold film to make the residual contact
impressions visible in the Nomarski illumination of the
optical microscope after polishing to 1𝜇m diamond paste
finish [13, 14]. Then the indentation stress, 𝑝

0
= 𝑃/𝜋𝑎

2, and
indentation strain, 𝑎/𝑟, were calculated from measurements
of contact radius at each value of 𝑃 and 𝑟. Each indentation
stress, 𝑃/𝜋𝑎2, and indentation strain, 𝑎/𝑟, was plotted after
measuring the contact diameter 2𝑎 for each load. In the
domain of small loads where the stress-strain curves are
linear proportional, Young’s modulus can be calculated from
[18]

𝑃

0
= (

3𝐸

4𝜋𝑘

) (

𝑎

𝑟

) (1)

with 𝑘 = (9/16)[(1 − ]2) + (1 − ]2)𝐸/𝐸] being a dimen-
sionless coefficient, 𝐸 and ], 𝐸 and ] are Young’s modulus

Table 1: The deposition condition of air plasma sprayed YSZ.

Controlled parameters Deposition conditions
Current (A) 540
Primary gas, Ar (L/min) 45
Secondary gas, H

2

(L/min) 5
Deposition distance (mm) 150
Deposition speed (mm/sec) 500
Pitch (mm) 4

and Poisson’s ratio of the material and spherical indenter,
respectively.

Hertzian indentationsweremade at small load (𝑃 = 25N)
intervals to determine the critical loads 𝑃

𝑌
, the initiation load

of the first surface impression, and 𝑃
𝐶
, the initiation load of

the first cracking [18]. After the indentations, the surface was
observed inNomarski illumination of the opticalmicroscope.

The coating samples were prepared for the sharpmicroin-
dentation [21] and nanoindentation tests [16, 17].The samples
were cut and ground to a 10 𝜇m finish and then polished to
a 1 𝜇m finish. The surface and sections of each sample were
polished with the same polishing condition. The hardness
values for top coat in both planes of section and surface
were determined from indentation experiments using a
microindenter (HM-122, Mitutoyo Corp., Japan) for load of
10N, with a Vickers tip. Each value of 𝐻 was determined
using equations reported by Lawn [22].

Nanoindentation tests were conducted on the YSZ coat-
ings deposited from three different starting granules to
determine the localized values of 𝐻 and 𝐸 using a nanoin-
denter (Nanoinstruments, MTS Systems Corp., Eden Prairie,
USA) with a Berkovich tip (tip radius < 100 nm), using the
continuous stiffness measurement (CSM) option. The data
were selected after indentation of up to 1,000 nmdepth,which
is corresponding to 80mN in the top coat. Minimum 5
indentations were conducted at the varying distance from the
bond coat/topcoat interface for each sample. We calculated
the hardness and elastic modulus using Oliver and Pharr
method (𝜀 = 0.75) [16, 17].

3. Results and Discussion

Figure 2 shows typical XRD diffractograms that were mea-
sured on the spray-dried granules prepared from different
starting granules, YZ-WH, YZ-AH, and YZ-WD.The diffrac-
tograms of YSZ granules without and with heat treatment
at 1250∘C are shown in Figures 2(a) and 2(b), respectively.
It is noteworthy that the monoclinic phase vanished by heat
treatment. Tetragonal and cubic ZrO

2
peaks were observed

without any monoclinic phase after heat treatment as shown
in Figure 2(b). As the monocline phase is known to transit
to tetragonal phase and finally to cubic phase at high tem-
perature, the monoclinic phase may cause cracks and defects
due to volume change caused by phase transformation. The
results of X-ray diffractions reveal that all spray-dried and
heat-treated granules showed the same peaks.

The overall microstructure of the YSZ coating layer in
cross-section direction is shown in Figure 3. The thicknesses
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Figure 2: Typical XRD diffractograms of (a) YSZ granule from spray-drying process and (b) YSZ granule after heat treatment at 1250∘C.
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Figure 3:The cross-section views of SEMmicrograph of 8wt.% YSZ APS coatings prepared from different starting granules: (a) YZ-WH, (b)
YZ-AH, and (c) YZ-WD.

of the top and bond coats are 600∼700𝜇m and about
220∼250𝜇m, respectively. The thicknesses of the top coat
prepared from the granules of YZ-WH, YZ-AH, and YZ-
WD are similar to each other, indicating that the deposition
conditions as shown in Table 1 are desirable to maintain the
uniform coating thickness during APS. The topcoats show
porosity without any detrimental cracks.

While the microstructures of the TBC observed by low-
magnified SEM pictures are similar to each other, the splat
boundaries could be observed in high magnified microstruc-
tures of each top coat as shown in Figure 4. In any case, there
are lots of thick and imperfect “splat” boundaries along hor-
izontal or vertical directions. These results indicate that the
granule morphology is essential to the TBC microstructure.
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Figure 4:The cross-section views of SEMmicrograph showing splat boundaries in 8wt.% YSZ APS coatings prepared from different starting
granules: (a) YZ-WH, (b) YZ-AH, and (c) YZ-WD.

Figure 5 indicates the volume percent of splat bound-
aries and porosities measured by image analyzer from the
microstructure of the YSZ coating layer in cross-section. It
is notable that the densities of splat boundaries of YZ-WH
are smaller than YZ-AH and YZ-WD. Similarly, the porosity
increases through the sequence YZ-WH/YZ-AH ≅ YZ-WD.
The porosities of the coatings are developed from the pores in
the inside of the hollowed particles and uniformity of granule
size. In case of YZ-WD, higher porosity was developed during
coating due to uniform size of particles even though they do
not contain pores in the inside of each particle. These results
indicate that the granule morphology is essential to the TBC
microstructure. As it is reported that TBC with a porosity of
10∼20%offers an advantage in the application of TBCs [3], the
spray granules in this study are desirable for the gas turbine
applications.

The indentation stress-strain curves by Hertzian inden-
tations are shown in Figure 6. The graphs show the results
for the different starting granules, YZ-WH, YZ-AH, and YZ-
WD. The curves showed a shift away to higher stress at YZ-
WH, while being strain tolerant at YZ-WD. These results
indicate that the granule morphology is essential to the TBC
microstructure and thus to the indentation behaviors.

The bar graph in Figure 7 indicates the measured results
on the critical loads 𝑃

𝑌
and 𝑃

𝐶
for YSZ coatings prepared

from different starting granules, YZ-WH, YZ-AH, and YZ-
WD. While the critical loads 𝑃

𝑌
depend on the hardness,
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Figure 5: The bar graph showing porosities in 8wt.% YSZ APS
coatings prepared fromdifferent starting granules: YZ-WH,YZ-AH,
and YZ-WD.

the critical loads 𝑃
𝐶
depend on the toughness and porosity

of the topcoats [18, 21].
The typical damage patterns found in theYSZ coatings are

shown in Figure 8. Microcracks are initiated in the damage
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Figure 6: The Hertzian indentation stress-strain curves of 8wt.% YSZ coatings deposited from different starting granules: YZ-WH, YZ-AH,
and YZ-WD.
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Figure 7: Bar graph showing critical loads for onset of yield, 𝑃
𝑌

,
and cracking, 𝑃

𝐶

, of YSZ coatings prepared from different starting
granules: YZ-WH, YZ-AH, and YZ-WD, usingWC sphere of radius
𝑟 = 2.32mm.

zone, followed by ring cracks or accompanied by radial cracks
according to different starting granules [15, 23].

Hardness measured by microindentation and developed
typical damage are shown in Figure 9. The hardness data are
plotted for three different starting granules. The 𝐻 values of
the top coat prepared from YZ-WD are much lower than YZ-
WH or YZ-AH. The result that hardness decreases indicates
that themeasurements are influenced bymicrostructure such
as porosities and splat boundaries within the damage regions
[24].

The hardness and elastic modulus are measured by
nanoindentation and then plotted as a function of the
distance from the substrate to the top coating thickness,
as shown in Figure 10. Note that the hardness and elastic
modulus increase more at YZ-WH than YZ-WD. Plots in

Figure 10 exhibit the sensitivity ofmicrostructure of the TBCs
to hardness. The plots also show that the hardness of TBCs
is sensitive to the coating thickness, indicating the decrease
of mismatch at the topcoat deposited away from bond coat.
Note that the hardness evaluated by nanoindentation showed
higher hardness than that by microindentation, based on a
comparison between Figures 9 and 10, which indicates the
size effects of indentation sites as well as effect of pore volume
fractions [23].

The results suggest that TBC deposited from YZ-WH
may be expected to yield good hardness and mechanical
properties against particle contact, foreign object damage,
and wear for gas turbine applications.

4. Conclusion

In this study, 8 wt.% of Yttria stabilized zirconia granules were
synthesized using a coprecipitation method and transformed
to soft agglomerated granules by controlling the solvent type,
binder/dispersant content, and process parameters during
spray-drying process. We prepared three types of granules:
YZ-WH (hollow-typed granules in water based solution),
YZ-AH (hollow-typed granules in alcohol based solution),
and YZ-WD (dense-typed granules in water based solution).
YSZ thermal barrier coatings layer had been deposited on the
bond coat/Nimonic 263 substrate byAPS equipment.The role
of different starting granules on the coating microstructures
and thus indentation properties of YSZ were investigated.
The different coating microstructures were developed by
varying the starting granules during the deposition. Hertzian
indentation and nanoindentation are conducted on the APS
YSZ coatings. All peaks are tetragonal and cubic phases
without any monoclinic phase in the developed coatings.
The thicknesses of the top coat prepared from three granules
were similar to each other. The Hertzian indentation stress-
strain curves, damage behavior by spherical indenter, and
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Figure 8: Typical Hertzian indentation damage and cracks on the surface of YSZ coatings deposited by APS, using WC sphere radius 𝑟 =
2.32mm; (a), (b) ring crack damage is found in YZ-WH or YZ-AH and (c) radial crack damage is found in YZ-WD.
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Figure 9: (a) The hardness measured by microindentation for three starting granules, YZ-WH, YZ-AH, and YZ-WD, and (b) typical
indentation damage developed in YZ-WH samples at load 𝑃 = 10N.

hardness by microindentation and nanoindentation were
investigated according to the different microstructures. As a
result, the relatively porousmicrostructure could be obtained
from the monodisperse granules synthesized in water based
solution, YZ-WD, while the coating layer from hollow-typed
granules, YZ-WH, shows relatively densemicrostructure.The
hardness values measured by microindentations or hardness
and elastic modulus by nanoindentations are governed by

microstructure of the TBC coatings. The results indicate that
the TBC deposited from YZ-WH granules may be expected
to yield good wear properties for gas turbine applications.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.



8 Journal of Nanomaterials

YZ-WD

YZ-WH
YZ-AH

Substrate Bond coat Topcoat

−400 −200 200 400 600 8000
Distance (𝜇m)

0

2

4

6

8

10
H

ar
dn

es
s (

G
Pa

)

(a)

TopcoatSubstrate Bond coat

0

50

100

150

200

250

300

El
as

tic
 m

od
ul

us
 (G

Pa
) 

YZ-WD

YZ-WH
YZ-AH

−200−400 800400 6002000
Distance (𝜇m)

(b)

Figure 10: (a) Hardness and (b) elastic modulus of YSZ coatings prepared from different starting granules: YZ-WH, YZ-AH, and YZ-WD.
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