Journal of the Korean Ceramic Society
Vol. 53, No. 6, pp. 652~658, 2016.

Characteristics of Bulk and Coating in Gd, Zr,, O, (x = 0.0, 0.5, 1.0)
System for Thermal Barrier Coatings

Sun-Joo Kim, Sung-Min Lee, Yoon-Suk Oh, Hyung-Tae Kim,
Byung-Koog Jang*, and Seongwon Kim'

Engineering Ceramics Center, Korea Institute of Ceramic & Engineering Technology, Icheon 17303, Korea
*Research Center for Structural Materials, National Institute for Materials Science, Ibaraki 305-0047, Japan
(Received October 16, 2016; Revised November 15, 2016; Accepted November 16, 2016)

ABSTRACT

Gadolinium zirconate, Gd,Zr,0,, is one of the most versatile oxides among the new thermal-barrier-coating (TBC) materials for
replacing conventional yttira-stabilized zirconia (YSZ). Gd,Zr,0, exhibits excellent properties, such as low thermal conductivity,
high thermal expansion coefficient comparable with that of YSZ, and chemical stability at high temperature. In this study,
bulk and coating specimens with Gd, Zr,, O,.,,. (x = 0.0, 0.5, 1.0) compositions were fabricated in order to examine the character-
istics of this gadolinium zirconate system with different Gd content for TBC applications. Especially, coatings with Gd, Zr,, O, .
(x = 0.0, 0.5, 1.0) compositions were produced by suspension plasma spray (SPS) with suspension of raw powder mixtures pre-
pared by planetary milling followed by ball milling. Phase formation, microstructure, and thermal diffusivity were characterized
for both sintered and coated specimens. Single phase materials with pyrochlore or fluorite were fabricated by normal sintering as
well as SPS coating. In particular, coated specimens showed vertically-separated columnar microstructures with thickness of

400 ~ 600 pm.
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1. Introduction

hermal barrier coatings (TBCs) are ceramic coatings

with refractory-oxide compositions applied to the sur-
faces of superalloy components in the hottest part of gas-
turbine engines, enabling these engines to be operated at
significantly high gas temperatures.”” Since the energy effi-
ciency of gas turbine engines is directly related to the tur-
bine inlet temperature (TIT), further increases in both the
electricity output for the electric generator and the thrust-
to-weight ratio for jet engines, will depend on further
improvements in TBCs.

The most common commercially used TBC material is
YSZ, zirconia with 6-8 wt.% Y,0, (or 3.4-4.5 mol.%),
which is produced in a metastable tetragonal phase (t-)
when fabricated by atmospheric plasma spraying (APS) or
electron-beam physical vapor deposition (EB-PVD). The
maximum surface temperature of TBCs with t’-phase YSZ
is limited to about 1200°C for long-term operation. Above
1200°C, the t’-phase YSZ in TBCs transforms to the tetrago-
nal and cubic (t- and c-) phases, which are equilibrium
phases at 1200°C. Upon cooling, the t-phase transforms to
the monoclinic (m-) phase, the volume change of which
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might result in a degradation of the coating. This limitation
in application temperature of t-phase YSZ requires the
search for new TBC materials.””

The selection of next-generation TBC materials is
restricted by certain requirements®: (1) high melting point,
(2) phase stability from room temperature to operation tem-
perature, (3) low thermal conductivity, (4) chemical stability,
(5) relatively high thermal expansion compatible with the
metallic substrate, (6) good adhesion to the metallic sub-
strate, and (7) low sintering rate of the porous microstruc-
ture. In this framework, rare-earth zirconates, which can
have thermal conductivities notably lower than those of YSZ,
are being investigated as alternative TBC ceramics.>*%!'V
Rare-earth zirconates, with a general formula RE,Zr,0O,
(where RE is a rare-earth element), crystallize in an ordered
pyrochlore structure over a narrow composition range.
While disordered fluorite is the stable phase at elevated
temperatures, fluorite can also be a stable phase, depending
on the rare-earth compositions. Among the rare-earth zir-
conates, gadolinium zirconate, Gd,Zr,0,, is one of the most
promising candidates for next-generation TBC applications
due to its low thermal conductivity (1.6 W/mK at 800°C),
high thermal expansion coefficient (11 x 10 /K at 1200°C),
and phase stability up to its melting temperature.”'” Fur-
thermore, gadolinium zirconate exhibits either a pyrochlore
or a fluorite phase according to processing method, with a
broad composition range.'**¥
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As mentioned above, APS and EB-PVD are two currently-
used processing methods accepted in TBC industries.'™'?
The low-cost APS method produces building-block struc-
tures, which exhibit a considerable degree of porosity, low
thermal conductivity, and low durability. On the other
hand, the high-cost EB-PVD method provides enhanced
thermal durability, which is known to result from columnar
structures. SPS is one of the recently-developed techniques
in the plasma-spraying industry; it can produce durable
TBCs with segmented microstructures with relatively low
processing cost.'”'®

In this study, bulk and coating specimens with Gd, Zr,, O.., .
(x=0.0, 0.5, 1.0) compositions were produced in order to
examine the characteristics of these systems for TBC appli-
cations. Especially, coatings with Gd, Zr,, O, (x=0.0,
0.5, 1.0) compositions were fabricated by SPS with suspen-
sion of raw powder mixtures prepared by planetary milling
followed by ball milling. Phase formation, microstructure,
and thermal diffusivity were characterized for both sintered
and coated specimens.

2. Experimental Procedure

Gd, Zr,, O.,,5 x= 0.0, 0.5, 1.0) compositions were pre-
pared for this study by using Gd, O, (Kojundo Chemical Lab.
Co., LTD, 99.9%, 11 pm) and ZrO, (Kojundo Chemical Lab.
Co., LTD, 98%, 5 pm) powders. Table 1 shows the three
compositions used in this study. Bulk specimens were fabri-
cated by solid-state reaction and conventional sintering.
After weighing, the powders were mixed by ball milling
with zirconia balls in isopropyl alcohol for 24 h and were
then dried in an oven for 24 h. The dried powder mixtures
were heat-treated at 1400°C for 2 h and sieved with #120
mesh for granulation. The prepared powder mixtures were
compacted using a uniaxial press; this was followed by cold
isostatic pressing, and then compacted specimens were sin-
tered at 1600°C for 4 h.

Mixed powders of raw materials with Gd, Zr,, O, x=
0.0, 0.5, 1.0) compositions were first pulverized by plane-
tary mill with zirconia ball in isopropyl alcohol at 300 rpm
for 6 h; this was followed by drying at 80°C for 24 h. To
make the suspension for SPS coating, dried powder mix-
tures were ball-milled with zirconia ball in ethanol at 200
rpm for 24 h. Solid loading in each suspension was con-
trolled to be of 10 wt.% powder in ethanol. The substrates
used in this study were Mar-M247 (Ni-10Co-10W-8.2Cr-5.5A1-
3Ta-1.5Hf-1T1), with size of 25.4 mm diameter X 3 mm thick-

Table 1. Compositions of Gd, Zr,, O,,,,. Ceramics Used in

This Study
Mole ratio Nominal composition
# ID  between GdO,, calculated for a fluorite
and ZrO, unit cell’
0 (ref)  GZ-0 2.0 : 2.0 Gd,Zr,0;
1 GZ-1 15:25 Gd, ,Zr, O, ,;
2 GZ-2 1.0 : 3.0 Gd,Zr,0,
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ness. Bond coats were sprayed using HVOF (High velocity
oxy-fuel) and AMDRY 386-2 powder (Ni-22Co-17Cr-12Al-
0.5Hf-0.5Y-0.4Si, Sulzer Metco, USA) to a thickness of
150 ~ 200 pm. The ceramic coatings were fabricated using
an SPS (Axial III system, Northwest Mettech Corp., Can-
ada) in conjunction with a Nanofeed 350 suspension feed
system. Deposition conditions were a mixture of hydrogen,
helium, and argon as atomizing gasses and a total plasma
power of 100 kW. Samples were fixed to a rotating fixture
with a spray distance of 75 mm.

For the densified bulk samples, the apparent densities
were evaluated using the Archimedes method. The crystal-
lographic phases of the bulk and coating specimens were
identified using an X-ray diffractometer (XRD, D/max-2500,
Rigaku, Japan) with Cu-Ka radiation (0.1506 nm). The lat-
tice parameters of the developed phases, such as fluorite,
were calculated from the XRD results using the Nelson-
Riley method.”” Raman spectra were recorded using a
Raman spectrometer (Raman Microscope Enclosure, RE-04,
Renishaw, UK). The microstructures of the polished sam-
ples were observed using a field emission scanning election
microscope (FE-SEM, JSM-6701F, JEOL, Japan).

The thermal diffusivities (A) of the sintered and coated
specimens were measured by laser flash analysis (LFA,
LFA 457 Micro Flash, NETZSCH, Germany). For this mea-
surement, both the front and back sides of the specimens
were coated with a thin graphite layer in order for the sam-
ple to absorb the incident laser beam and emit black-body
radiation to the IR detector.

3. Results and Discussion

As mentioned in the introduction, rare-earth zirconates
with fluorite and pyrochlore phases have been two fre-
quently-investigated oxides for next-generation TBCs."™?
These rare-earth zirconates have related cubic structures
with a space group of Fm3m #225) and Fd3m #227).
The general formulas of the fluorite and pyrochlore oxides
are A"0, and A;’+B3+O7, respectively. A fundamental dis-
tinction of the pyrochlore from the fluorite structure is the
existence of cation ordering, as well as oxygen vacancy in
specific crystallographic sites. For instance, Gd,Zr,0, with
pyrochlore structure is an ordered structure, in which
Gd*cations or Zr*‘cations are located in specific crystallo-
graphic sites of 16d (1/2, 1/2, 1/2) or 16c (0, 0, 0). An oxygen
vacancy at the 8a site is known as a point defect and, owing
to phonon scattering, results in low thermal conductivity of
rare-earth zirconates with pyrochlore structures. The XRD
patterns of sintered Gd, Zr,, O.,,,. (x=0.0, 0.5, 1.0) are
shown in Fig. 1. Single phase materials with pyrochlore or
fluorite were fabricated by calcination and sintering for the
compositions of Gd, Zr,, O, (x=0.0, 0.5, 1.0). Each XRD
pattern shows similar peak position and intensity regard-
less of Gd content, except for the existence of weak addi-
tional peaks between 35°~45° for the sintered GZ-0
(Gd,Zr,0,) specimen. In particular, Gd,Zr,0, after being sin-
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Fig. 1. X-ray diffraction patterns of Gd, Zr, O, ceramics
after sintering at 1600°C for 4 h, where x is (a) 0.0
(Gd,Zr,0,), (b) 0.5, and (c) 1.0.
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Fig. 2. Raman spectra of Gd, Zr, O.,, s ceramics after sin-
tering at 1600°C for 4 h.

tered at 1600°C for 4 h exhibited a pyrochlore structure,
whereas both Gd, Zr, O,,, and Gd,Zr,0,; had fluorite
structures. Among the XRD patterns, the presence of (331)
and (511) peaks of the superlattice verifies the existence of
pyrochlore phases in the sintered Gd,Zr,0, specimen. This
ordering of aliovalent cations in the pyrochlore structure
results in additional superlattice peaks in the XRD results
compared with those from the fluorite structure.

In order to confirm the phase distinction of pyrochlore
from fluorite, Raman spectroscopy was also conducted.
Raman peaks show characteristics of specific bonding, such
as bending or stretching; this bonding interacts with IR.
Fig. 2 shows the Raman spectra of the sintered Gd, Zr,, O.,, 5.
(x = 0.0, 0.5, 1.0) specimens. While four peaks were distin-
guishable in the Raman spectra from sintered Gd,Zr,O.,,
two broad peaks were observed in the Raman spectra from
sintered Gd, /Zr, ;0,,; and Gd Zr,0,,. A sharp band near
315 cm™ in the case of sintered Gd,Zr,0, corresponds to O-
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Fig. 3. XRD lattice parameters of Gd, Zr, O, ceramics
after sintering at 1600°C for 4 h. (* is calculated as a
fluorite cell.)

Zr-O bending vibration, whereas the three bands at 400,
538, and 600 cm™ can be assigned to Gd-O and two Zr-O
stretching modes, which are as stated in the Raman bands
reported for Gd,Zr,0, with the pyrochlore structure.***" It
was also reported that the phase transition of Gd,Zr,0O,
from ordered pyrochlore to disordered fluorite results in
weak broad Raman bands. In our previous work," the
decrease in Gd content from Gd,Zr,0, gave rise to phase
change from pyrochlore to fluorite. In particular, the two
adjacent Raman peaks from Gd-O and Zr-O stretching
appear to merge into a weak broad band, which is followed
by a combined peak between Raman peaks from the O-Zr-O
bending and Zr-O stretching, leading to a decrease in Gd
content.

The lattice parameters of sintered Gd, Zr,, O.,,, (x=10.0,
0.5, 1.0), calculated from the four major peaks in the XRD
results using the Nelson-Riley method, are shown in Fig. 3.
While the superlattice in the pyrochlore structure makes
the lattice parameter of this structure two times larger than
that of the fluorite structure with identical composition, for
comparison, these lattice parameters were calculated based
on the assumption that Gd,Zr,0, is also a fluorite structure.
All values vary from 5.26 A (Gd,Zr,0,) to 5.18 A (Gd,Zr,0. ),
and linearly decrease with Gd content in Gd, Zr, O, ;.
Inasmuch as the reported ionic radii® of Gd** and Zr"" are
1.06 A and 0.84 A, respectively, these lattice parameter
results show that Zr"" replaces Gd*" and maintains the cubic
structure, with a decrease in the unit cell size. Table 2 sum-
marizes the results of the cell size calculated from XRD as
well as the XRD density of Gd, Zr,, O,,,; (x=0.0, 0.5, 1.0)
with fluorite structure. As shown in the relative density
data, Gd, Zr,, O.,,;, x=0.0, 0.5, 1.0) specimens exhibit
approximately full density after being sintered at 1600°C for
4 h. Fig. 4 shows the polished microstructures of the sin-
tered Gd, Zr,, O,,,5 (x=0.0, 0.5, 1.0) system. A negligible
degree of porosity is observed, which is consistent with the
results from the relative density, shown in Table 2.
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Table 2. Apparent Density Values of Gd, Zr,, O..,,,. Ceramics after Sintered at 1600°C for 4 h

Nominal composition .
Nominal molar

Nominal molar

XRD density  Apparent density Relative density

ID ffl?(l)(;}iltl:tsgifo(feﬁ* weight (g/mole) volume (cm®) (g/cm®) (g/cm®) (%)
GZ-0 Gd,Zr,0," 608.9 1.46 x 107 6.94 6.82 98.2
GZ-1 Gd, ,Zr, 0, ,, 579.9 1.42x 10 6.79 6.85 100.0
GZ-2 Gd,Zr,0, 550.9 1.39 x 107 6.58 6.48 98.5
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Fig. 4. SEM micrographs from polished cross-sections of
Gd, Zr, O, after sintering at 1600°C for 4 h,
where x is (a) 0.0, (b) 0.5, and (c) 1.0.

Three thermal barrier coatings of the Gd, Zr,, O, &=
0.0, 0.5, 1.0) system were fabricated by SPS with suspension
of raw powder mixtures, which were prepared by planetary
milling followed by ball milling. SPS is one of the recently-
introduced techniques in the TBC industry; it can be used to
produce durable TBCs with segmented microstructures rel-
atively economically.'™* The main features of this tech-
nique are the introduction of a suspension as a feed stock, as
well as higher plasma power compared with conventional
APS. By controlling the processing parameters, SPS can be
used to fabricate coatings with segmented microstructures,
such as dense-vertically cracked or columnar structures,?*”

26 (degree)

Fig. 5. X-ray diffraction patterns of Gd, Zr, O.,,,. coatings
fabricated by SPS, where x is (a) 0.0, (b) 0.5, and (c)
1.0.

which are known to enhance the thermal durability of
TBCs. Based on APS, a low-cost coating method, SPS can be
used to manufacture economical TBCs as well. Fig. 5 shows
XRD patterns of the coatings with Gd, Zr,, O, x= 0.0,
0.5, 1.0) compositions fabricated by SPS. Broad peaks with
analogous positions and enlarged widths were observed
regardless of Gd content in the Gd, Zr,, O.,, (x=0.0, 0.5,
1.0) compositions. No trace of an XRD peak from the raw
materials was detected. Compared with the XRD results for
the sintered specimens, it can be inferred that the coatings
with Gd, Zr,, O.,,,. compositions fabricated by SPS exhib-
ited fully-developed fluorite phases. Furthermore, it must
be emphasized that in-situ formation of fluorite phases
results from a combination of SPS and the preparation of
the suspension using high energy milling, such as through
the use of a planetary mill. Fig. 6 shows the Raman spectra
of the Gd, Zr,, O, coating specimens. Compared with
the Raman spectra from the sintered specimen, weak broad
bands from the fluorite structure were observed; this is con-
sistent with the XRD results. From the XRD and Raman
results, it can be concluded that the preparation of the sus-
pension by planetary milling at 300 rpm for 6 h can provide
intensive mixing as well as size refining of the raw materi-
als to synthesize final products of zirconates, even when
using only a short time exposure to the plasma flame. For
instance,”” the mean size of the Gd,Zr,0, raw powder went
down to 1.4 pm after planetary milling at 300 rpm for 6 h.
On the other hand, it can be inferred that this plasma
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Fig. 6. Raman spectra of Gd, Zr,, O,,,,. coatings fabricated
by SPS.

spraying process was not able to supply adequate kinetics to
produce thermodynamically stable phases due to quenching
of molten splats on the relatively cold substrate. In our pre-
vious work,*® La,Zr,0., which is in pyrochlore as a stable
phase from room temperature to its melting point, exhibited
fluorite phase after being deposited by suspension plasma
spraying with processing conditions identical to those in
this study.

Figure 7 shows the surface and cross-sectional microstruc-
tures of the Gd, Zr,, O.,, ;. coating specimens fabricated by
suspension plasma spraying. All coating specimens exhib-
ited vertically-separated columnar microstructures with
thickness of 400 ~ 600 pm; from the plane view, the individ-
ual column tops can be identified as cauliflower-like struc-
tures. The formation of a columnar structure of the coatings
fabricated by SPS can be explained by the suggested mecha-
nism*****?; the incoming droplets, which are submicron in
diameter, will follow the gas flow of the plasma parallel to
the bond coat surface before they collide with the surface
roughness. Columnar structures are produced by both shad-
owing from the surface roughness and gradual build-up of
particulates on the surface peaks. These columnar struc-
tures were also observed in our previous works,***® per-
formed with similar suspension preparation as well as
similar plasma spraying conditions.

In oxide ceramics, ones fabricated of electrical-insulating
solids, the thermal conductivity results from changes of the
lattice vibrations, which are referred to as phonon scatter-
ing."” Phonon scattering has several contributions, from
point defects to grain boundaries, aside from imparting
intrinsic thermal conductivity, which is known as Umklapp
process®™® and can be represented by the 1/T dependence of
the thermal conductivity. In other words, the contributions
from the intrinsic thermal conductivity, point defects, or
grain boundaries can be appreciated by considering the
temperature dependence of the thermal conductivity; con-

Vol. 53, No. 6

Bond coat

15kV. X100 100pm 0000 17 40 SEI 15kV/ X100 100pm 0000 10-40 SEI

15kV X100 100um 0000 17 40 SEI

15kV X100 100um 0000 16 40 SEI X100 100um 0000 17 60 SEI

Fig. 7. Surface and cross-sectional SEM micrographs of
Gd, Zr,, O, coatings fabricated by SPS, where x is
(a) 0.0, (b) 0.5, and (c) 1.0.
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Fig. 8. Thermal diffusivity values of bulk and coating speci-
mens in the Gd, Zr,, O, system, where GZ-0, GZ-
1, or GZ-2 is Gd,Zr,0,, Gd, Zr,;0,,, orGdZr,0,,,
respectively.

tributions from the point defects and grain boundaries are
considered to become more significant with decrease in the
1/T dependence of the thermal conductivity. Fig. 8 shows
the thermal diffusivity values of the sintered and coated
specimens with temperature up to 300°C. The thermal dif-
fusivity is one of the main contributions, because thermal
conductivity (K) can be calculated using Eq. (1) with the
apparent density (p), heat capacity (Cp), and thermal diffu-
sivity (A).
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As can be seen in Fig. 8, the thermal diffusivity as a func-
tion of temperature exhibited 2 main features, comparative
values and temperature dependence. For the sintered speci-
men, the thermal diffusivity showed lower values in the
order of Gd content of Gd, Zr,, O,,; x=0.0, 0.5, 1.0).
Gd,Zr,0, showed minimum values of thermal diffusivity as
well as temperature dependence. The increase in the ther-
mal diffusivity with the decrease in Gd content in Gd,
Zr,, 0., can be explained as follows'': among the pri-
mary phonon-scattering point defects, such as Gd solute
atoms and associated O vacancies, a decrease in O vacan-
cies with a decrease in Gd content in Gd, Zr,, O, will
increase the thermal diffusivity more critically. The thermal
diffusivity values were lower, as well as exhibiting little
temperature dependence, both of which can be attributed to
the increase in the porosity, as well as to the point defects.
For the coated specimens, the thermal diffusivity showed
much lower values with less temperature dependence than
those of the sintered specimens. The order of the thermal
diffusivity values was different from that of sintered speci-
mens; this is attributed to the disparity in porosity of each
coated sample. On the other hand, less dependence of the
thermal diffusivity values of the coatings on the tempera-
ture could be connected with the increasing contribution of
the point defects to the thermal property, which is consis-
tent with results of the XRD and Raman analyses shown
above.

4. Summary

Bulk and coating specimens with Gd, Zr,, O, (x= 0.0,
0.5, 1.0) compositions were fabricated in order to examine
the characteristics of this system for TBC applications. In
particular, coatings with Gd, Zr,, O, (x= 0.0, 0.5, 1.0)
compositions were produced by suspension plasma spray
(SPS), whereas bulk specimens were densified by conven-
tional sintering. Observations and findings from the bulk
and coating specimens with Gd, Zr,, O, x= 0.0, 0.5, 1.0)
compositions are as follows:

1. Single phase materials with pyrochlore or fluorite were
fabricated by calcination and sintering for the compositions
of Gd, Zr,, O,,,,. x= 0.0, 0.5, 1.0), which was confirmed by
XRD and Raman spectroscopy.

2. Coatings with Gd, Zr,, O.,,.. compositions fabricated
with a combination of suspension plasma spray and prepa-
ration of suspension using planetary mill exhibited in-situ
formation of fluorite phases.

3. Coating specimens exhibited vertically-separated
columnar microstructures with thickness of 400~600 pm;
this structure is considered to be closely related to substrate
roughness as well as to the particle size in the suspension
feedstock.

4. Thermal diffusivity values of the bulk and coatings
qualitatively reflect the characteristics of both the crystallo-
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graphic structure and the microstructures. For instance,
features of point defects, grain boundaries, and pores of
materials can be conjectured from the thermal diffusivity
values.
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