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Synthesis and Phase Stability of Scandia,
Gadolinia, and Ytterbia Co-doped Zirconia
for Thermal Barrier Coating Application
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Scandia, gadolinia, and ytterbia co-doped zirconia (SGYZ) ceramic powder was synthesized by chemical
co-precipitation and calcination processes for application in thermal barrier coatings to promote the
durability of gas turbines. The ceramic powder was agglomerated and sintered at 1150 °C for 2 h, and the
powder exhibited good flowability and apparent density to be suitable for plasma spraying process. The
microstructure, morphology and phase stability of the powder and plasma-sprayed SGYZ coatings were
analyzed by means of scanning electron microscope and x-ray diffraction. Thermal conductivity of
plasma-sprayed SGYZ coatings was measured. The results indicated that the SGYZ ceramic powder and
the coating exhibit excellent stability to retain single non-transformable tetragonal zirconia even after
high temperature (1400 °C) exposure for 500 h and do not undergo a tetragonal-to-monoclinic phase
transition upon cooling. Furthermore, the plasma-sprayed SGYZ coating also exhibits lower thermal
conductivity than yttria stabilized zirconia coating currently used in gas turbine engine industry. SGYZ
can be explored as a candidate material of ultra-high temperature thermal barrier coating for advanced

gas turbine engines.

Keywords phase stability, scandia, gadolinia, and ytterbia
co-doped zirconia, thermal barrier coatings

1. Introduction

Since superalloy components in hot sections of aircraft
engine turbines operate close to the limits imposed by the
onset of melting, thermal barrier coatings (TBCs) offer an
attractive option to protect superalloy against the delete-
rious effects of high temperature turbine environments.
Thermal barrier coating application results in considerable
improvements in durability of hot section turbine com-
ponents, as well as in an increase of gas turbine thermo-
dynamic efficiency. The TBCs typically consist of a
ceramic top coat deposited on the substrate with a metallic
bond coat, which imparts oxidation protection to the
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substrate, and provides a surface to which the ceramic top
coat can adhere well.

Yttria-stabilized zirconia with a composition of 3.5-
4.5 mol% Y,03-ZrO,, here abbreviated as YSZ, ceramic
deposits is often applied as top coat material for TBCs
(Ref 1) YSZ coating can’t be used for long-term above
1200 °C due to the destructive phase transformation of
tetragonal phase to monoclinic phase which results in a
significant change in volume of the coating and can cause
cracking and rapid degradation of a TBC, especially under
thermal cycling conditions Ref (2-4). In order to increase
usage temperature of TBCs, it is very important that the
TBCs structure should be designed to be ‘“‘phase non-
transformable” (Ref 5). The continual increase in gas
turbine inlet temperatures requires new TBCs material
with improved phase stability and reduced thermal con-
ductivity.

In recent years, the rare earth oxides (Yb,O3, Sc,05,
Gd,0;, La,03,Y,0;5 et al.) as co-dopants of ZrO, have
been widely investigated (Ref 5-11). Some rare-earth
zirconates with low thermal conductivity, such as
La,Zr,07, Gd,Ce, 0, Lay(Zrg7Ceg3),07, were also ex-
plored (Ref 12-16). Before this paper, some compositions
of Sc;053-Gdy03-Yb,05-ZrO, had been prepared and
tested in our laboratory. In this experiment, a new com-
position of 5.5 mol%Sc,03-2.0 mol% Gd,05-2.0 mol% Y-
b,03-ZrO,, here abbreviated as SGYZ, was designed and
the powder material was synthesized by chemical co-pre-
cipitation method. The SGYZ coatings were deposited by
plasma spraying and subjected to anneal at 1400 °C for
500 h. The phase stability and thermal conductivity of the
SGYZ coating were examined and compared with YSZ
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coating in order to evaluate the effects of Sc;03, Gd,O3
and Yb,0O3 and possibility of developing 5.5 mol%Sc,03-
2.0 mol%Gd,03-2.0 mol% Yb,03-ZrO, as a ceramic top
coating material for TBCs.

2. Experimental

2.1 Powder Synthesis and Characterizations

Scandia, gadolinia, and ytterbia powders were chosen
as starting materials. They were dissolved into a certain
amount of hydrochloric acid solution to prepare Sc’*,
Gd* and Yb’" salt solutions, respectively. Zirconium
oxychloride was dissolved into de-ionized water. They
were mixed in the appropriate proportion to produce a
precursor solution for a desired composition of
5.5 mol%Sc,05-2.0 mol% Gd,05-2.0 mol% Yb,O3-ZrO,.
The precursor solution was slowly added to a4 M NH,OH
solution and reacted with it at pH >11 to produce a
precipitate. The precipitate was filtered and washed with
de-ionized water to drive out impure ions. Then the wa-
shed precipitate was dried in an oven at 200 °C for 12 h to
obtain the precursor powder. Finally, SGYZ initial pow-
der was obtained by calcining the precursor powder at
850 °C for 24 h, with a grain size of about 100 nm. The
compositions of the SGYZ initial powder were analyzed
by inductively coupled plasma-atomic emission spec-
trometer (ICP-AES), as shown in Table 1.

The SGYZ initial powder was mixed with water, a dis-
persing agent (polyethylene glycol 2000) and a binder
(polyvinyl alcohol 1788) in an agitator for 4 h. Afterward,
the slurry was well de-agglomerated in an attrition mill for
2 h. Then the slurry was spray-dried and agglomerated. The
SGYZ powder for plasma spraying thermal barrier coating
application was obtained by agglomerating the initial
powder into spherical micrometer-size granules (20-60 pm)
and sintering it at 1150 °C for 2 h. During sintering, organic
dispersing agent and binder were all removed.

The morphology of the SGYZ initial powder is shown in
Fig. 1. SEM magnified image of the SGYZ initial powder is
shown in Fig. 2. The appearance of agglomerated and sin-
tered SGYZ powder for plasma spraying is shown in Fig. 3,
and the SEM magnified image for the surface of plasma
spraying powder is shown in Fig. 4. From Fig. 2 and 4, it
can be seen that the grain size of both SGYZ initial powder
and agglomerated powder is about 100 nm.

Furthermore, the flowability and apparent density
were measured. The flowability of agglomerated and
sintered SGYZ was 34 s/50 g and the apparent density

Table 1 Chemical compositions of the SGYZ initial
powder

Oxides 80203 Gd203 Yb203 ZI'OZ

mol % 5.46 1.98 1.96 90.6
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Fig. 3 Appearance of agglomerated and
powder

sintered SGYZ
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Fig. 4 SEM magnified image of agglomerated and sintered
SGYZ powder surface

Table 2 Plasma spraying parameters, with A3000
plasma spray system

Parameters NiCrAlYSi SGYZ,YSZ
Current, A 500 600
Voltage, V 70 75
Primary gas Ar, SLPM 60 40
Secondary gas H,, SLPM 7 12
Carrier gas Ar, SLPM 4 4
Powder feed rate, g/min 40 30
Spray distance, mm 150 70
Traverse speed of torch, mm/s 400 400

was 1.85 g/lem®, which were very suitable for plasma
spraying process.

2.2 Plasma Spraying Process

NiCrAlYSi metallic bond coating and 5.5 mol%Sc,0s-
2.0 mol%Gd,03-2.0 mol% Yb,03-ZrO,  ceramic  top
coating were deposited on NizAl-based superalloy sub-
strates with A3000 plasma spray system. Before spraying,
NizAl-based superalloy specimens were grit blasted with
brown corundum to a surface roughness Ra of about
10 pm. The thickness the bond coating was about 0.1 mm,
and the thickness of the ceramic top coating was about
0.25 mm. Table 2 provides the plasma spray conditions for
the coatings under study, using an A3000 atmospheric
plasma spray system supplied by Sulzer Metco. Figure 5
illustrates the microstructure of SGYZ coating with a
NiCrAlYSi metallic bond coating on a NizAl-based
superalloy substrate.

In order to prepare the coating samples for phase sta-
bility assessment and thermal conductivity measurement,
SGYZ(5.5 mol%Sc;03-2.0 mol% Gd,03-2.0 mol% Yb,0s3-
7Zr0;) and YSZ (4.5 mol%Y,05-ZrO,) powders were
plasma sprayed onto an aluminum plate substrate with
grooves (©12.7 mm x 1 mm). The ceramic coatings with-
out NiCrAlYSi metallic bond coatings were deposited full
of the grooves, the ceramic coatings were stripped off from
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200pm

Fig. 5 A metallographic cross section of the SGYZ coating with
a bond coating

aluminum substrate using 50/50 NaOH-H,O solution.
The detached coating samples with a dimension of
®12.7 mm x 1 mm were obtained for the measurements of
phase stability and thermal conductivity.

2.3 Phase Stability

For the phase stability assessment, the SGYZ powder
and coating were heat-treated at 1400 °C for 300 and
500 h, but for YSZ coating at 1400 °C for 100 and 300 h.
The phase structures were determined by x-ray diffraction
technique (D8 advance), and the radiation source was Ni
filtered with Cu Ko, A=0.1542 nm. For each sample, x-ray
diffraction was performed in a step-scan mode with an
angle increment of 0.02° in the diffraction angle 20 from
20° to 80°. The x-ray diffraction peak identification, 20
values at peaks, peak integral net intensity and cell
parameters were performed using Jade 5.0 software
package (Material Data Incorporated). The mole percents
of monoclinic phase M,,, tetragonal phase M’ and cubic
phase M. were determined from the most common
equation (Ref 17, 18):

My, In(111) + Iy (111)

=0.82 Eq 1
Meye Teye(110) (Ba 1)
M, 1.(400)
=0.88 Eq 2
Mt/l’ It/t’ (004) + Il/l' (400) ( )

where I, (1 11) and I,,(111) are the integral net intensities
for monoclinic phase reflected from (1 11) and (111)
peaks, respectively. I 4/(111) is the intensity for cubic and
tetragonal phase reflected from (111) plane. 1.(400) is the
intensity for cubic phase reflected from (400) plane.
1,/ (004) and I;,/(400) are the intensities for tetragonal
phase reflected from (004) and (400) plane, respectively.

2.4 Thermal Conductivity

The measurements of thermo-physical properties were
carried out on the samples with 12.7 mm in diameter and
1 mm in thickness and the temperature ranges from 500 to
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1600 °C. Thermal conductivity A (W/m K) is calculated
from:

L =aC,p (Eq 3)

where p is the density (kg/m?), C, is the specific heat
capacity (J/kg K), and « is the thermal diffusivity (m?/s).
The specific heat capacity (C,) was measured by laser
radiation method. When the laser beam was projected
over the full face of the specimen, one part of the energy
was absorbed by the sample and the other part was radi-
ated reflecting by a detector. The rising temperature of the
rear face of the sample was measured and the specific heat
capacity C, was calculated based on the following equa-

tion:
Epro — Era Enb Eap

C = = =
PUM(T,—T)) M(T,—T) MAT

(Eq 4)

where M is the mass of the sample, Ep,, is the project
energy of the laser beam, Eg, is the energy radiated
reflecting by the detector, Ep is the energy absorbed by
the sample, 77 and 7, are the temperatures of rear face
before and after laser projecting, respectively.

The thermal diffusivity (o), as a function of tempera-
ture was measured using a laser flash technique (Ref 19).
The density (p) was measured by Archimedes’ method.

Because the coating samples were not fully dense, the
measured thermal conductivity A for the ceramic coatings
can be modified for the fully dense ceramic sample 2,
using following equation (Ref 20):

M b =1—40/3 (Eq 5)

where @ is the fraction of porosity inside the coating
sample which was determined using the relationship
®=1 — p/p;, where p, is the theoretical density of the fully
dense ceramic sample, and p is the measured density of
the ceramic coating. In this paper, only the measured
thermal conductivity A for the SGYZ and YSZ ceramic
coatings was discussed.

3. Results and Discussion

3.1 SGYZ and YSZ Powders

SGYZ composition was designed as 5.5 mol%Sc,03-
2.0 mol%Gd,05-2.0 mol% Yb,03-ZrO,, and YSZ was
prepared with a composition of 4.5 mol% Y,05-ZrO,.
Figure 6 indicates that the XRD patterns of agglomerated
and sintered SGYZ powder and YSZ powder are both
coincident with the standard XRD spectrum of tetragonal
ZrO,. There are no diffraction peaks of Sc,O;, Gd,O3,
Yb,05 and Y,0;5 observed in the powders, which means
that Sc,03, Gd,03, Yb,O3 and Y,O5 have been dissolved
in ZrO, crystal completely and stabilize ZrO, by substi-
tuting Sc**, Gd**, Yb** and Y>* for Zr**. From the {111}
diffraction region no monoclinic phase is observed for
both SGYZ and YSZ powders.
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3.2 Phase Stability of the SGYZ and YSZ Coatings

The phase structures of as-sprayed YSZ coating and
the YSZ coating after a heat treatment of 100 and 300 h at
1400 °C are presented in Fig. 7. According to literature
(Ref 21), the appearance of monoclinic m phase in the
annealed YSZ coating arose from the partitioning of the
non-transformable tetragonal t' phase to the equilibrium
tetragonal t phase and cubic ¢ phase during high temper-
ature annealing. The equilibrium tetragonal t phase then
transformed to monoclinic m phase during the cooling
process. The non-transformable tetragonal t' phase and
transformable t phase can be distinguished by the tetrag-
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Fig. 6 XRD patterns of SGYZ and YSZ powders

c(111) A as-sprayed YSZ coating
B YSZ coating after 100h at 1400°C
C YSZ coating after 300h at 1400°C
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Fig. 7 XRD patterns of as-sprayed YSZ coating and the coating
after a heat treatment of 100 and 300 h at 1400 °C
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onality ‘c/v/2 a’. The ratio tends to be less than 1.010 for the
t' phase while it is superior to 1.010 for t phase (Ref 21).
Figure 8 and 9 indicate {111} and {400} peaks regions of the
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Fig. 8 XRD {111} peaks of YSZ coating after a heat treatment
of 100 h at 1400 °C

YSZ coating after 100h at 1400°C
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Fig. 9 XRD{400} peaks of YSZ coating after a heat treatment
of 100 h at 1400 °C

YSZ coating after a heat treatment of 100 h at 1400 °C,
respectively. The diffraction peaks of monoclinic {111} can
be seen clearly, and cubic (400) peak appears between
tetragonal (004) and (400) peaks. All these indicate that
partial tetragonal phase has transformed to monoclinic m
phase in YSZ during annealing at 1400 °C for 100 h and
sequent cooling. According to calculation by Eq 1 and 2,
the amounts of monoclinic, cubic and tetragonal phase are
of 23.2,27.1 and 49.7 mol %, respectively. The tetragonality
‘c/v/2 a’ equals to 1.0163, so the tetragonal phase is t phase.

Phase compositions, cell parameters and tetragonality
‘c//2 a’ for YSZ and SGYZ coatings are given in Table 3.
It can be seen that the YSZ coating after a heat treatment
of 300 h at 1400 °C was composed of cubic ¢ phase and
monoclinic m phase and the content of monoclinic m
phase is about 48.7 mol% calculated by Eq 1, which
means that tetragonal phase in YSZ was essentially con-
verted to the monoclinic m phase and cubic ¢ phase under
1400 °C annealing for 300 h and sequent cooling. No
tetragonal t or t’ phase is detected in the annealed YSZ
coating for 300 h at 1400 °C, which also confirms that YSZ
thermal barrier coating lacks ultra-high temperature phase
stability.

A as-sprayed SGYZ coating
B SGYZ coating after 300h at 1400°C
C SGYZ coating after 500h at 1400°C
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Fig. 10 XRD patterns of as-sprayed SGYZ coating and the
coatings after a heat treatment of 300 and 500 h at 1400 °C

Table 3 Phase compositions, cell parameters and tetragonality ¢/v/2 a

Coatings Treatment Phase composition Cell parameter, nm c/V2a
YSZ As-sprayed 100 mol% t’ a=b=0.36046 ¢=0.51393 1.0082
1400 °C 100 h 49.7 mol% t a=b=0.35918 ¢=0.51623 1.0163
27.1 mol% c a=b=c=0.51342
23.2 mol% m a=0.51312 b =0.52205 ¢ =0.53608
1400 °C 300 h 51.3 mol% c a=b=c=0.51273
48.7 mol% m a=0.51607 b=0.51968 ¢=0.53106
SGYZ As-sprayed 100 mol% t’ a=b=0.35976 ¢=0.51129 1.0049
1400 °C 300 h 100 mol% t’ a=b=0.36028 ¢=0.51176 1.0044
1400 °C 500 h 100 mol% t' a=b=0.35982 ¢=0.51278 1.0077
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For SGYZ coatings, no evidence of monoclinic m
phase and cubic ¢ phase was found but single tetragonal
phase remained after a heat treatment of 300 or 500 h at
1400 °C as shown in Fig. 10, 11 and 12. After a heat
treatment of 500 h at 1400 °C, the tetragonality ‘c/v2 a’
equals to 1.0077 (less than 1.010), so the tetragonal phase
in the annealed SGYZ is still t' phase, which confirms
1400 °C phase stability of tetragonal phase in the zirconia
stabilized with a indicated composition of scandia, gad-
olinia, and ytterbia.

According to kinetic consideration, the partitioning of
t' phase to equilibrium t phase and ¢ phase during high-
temperature annealing is diffusion controlled and requires
long-range cations diffusion. But the t' phase stability
depends not only on the diffusion kinetics but also on the
driving force for partitioning of t' (Ref 22, 23). More
subsequent experiments for the SGYZ coatings will be

100000 |- SGYZ coating after 500h at 1400°C
t(111)

80000

60000

T
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Intensity (a.u.)

20000

" I " I " I " I "
27 28 29 30 31 32
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Fig. 11 XRD {111} peak of SGYZ coating after a heat treat-
ment of 500 h at 1400 °C
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Fig. 12 XRD {400} peaks of SGYZ coating after a heat treat-
ment of 500 h at 1400 °C
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needed in order to explain that the phase stability of
SGYZ is much better in comparison with YSZ.

3.3 Thermal Conductivity

As shown in Fig. 13, 14 and 15, the thermal diffusivity,
the specific heat capacity and the thermal conductivity of
the SGYZ coating are all lower than that of YSZ coating,
respectively, in the measured temperature range from 500
to 1600 °C. The reduction in the thermal conductivity is
attributed to the addition of Sc,03, Gd,O5; and Yb,0O3,
which introduce more volume fractions of point defects
such as pores, oxygen vacancies and solute atoms.

It is known that the substitutional solid solution SGYZ
is formed by the substitution of trivalent rare-earth cations
(Sc**, Gd®* or Yb*") for Zr** cations. The addition of low
valency stabilizer ions has to introduce additional oxygen
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Fig. 13 Comparison of thermal diffusivity for SGYZ and YSZ
coatings
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Fig. 14 Comparison of specific heat capacity for SGYZ and
YSZ coatings
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Fig. 15 Comparison of thermal conductivity for SGYZ and
YSZ coatings

vacancies to maintain the electrical neutrality of the lat-
tice. For SGYZ and YSZ, Sc**, Gd**, Yb** and Y’* have
the same valency and the total content of Sc,O3, Gd,O3
and Yb,O5 in SGYZ is 9.5 mol%, while the content of
Y,03 is only 4.5 mol% in YSZ. Clearly, the addition of
Sc**, Gd*" and Yb®" in SGYZ creates more oxygen
vacancies and substitutional point defects in comparison
with YSZ. These defects can increase scattering of pho-
nons and so reduce the thermal conductivity.

In this paper, the atomic weights of Sc, Gd,Yb, Y and
Zr are 45, 157, 173, 89. and 91. respectively, and the ionic
radiuses of S¢**, Gd>*, Yb>*, Y>* and Zr** are 0.0732 nm,
0.0938 nm, 0.0858 nm, 0.0893 nm and 0.079 nm
(Ref 24, 25). The atomic mass difference and the ionic
radius difference between Sc and Zr are both greater than
that between Y and Zr, maybe Sc,0O3 has a much more
significant effect on reducing thermal conductivity than
Y203.

In this study, it can be concluded that 5.5 mol%Sc,0Os-
2.0 mol% Gd,05-2.0 mol% Yb,053-ZrO, ceramic material
provides significant benefits for thermal barrier coating
application due to its improved phase stability and re-
duced thermal conductivity in comparison with YSZ. The
SGYZ may be a good choice for potential thermal barrier
coating application at ultra-high temperature in the near
future.

4. Conclusions

5.5 mol%Sc,05-2.0 mol % Gd,05-2.0 mol% Yb,03-Zr0O,
(SGYZ) ceramic material offers remarkable opportunities
for developing novel TBCs due to its improved phase
stability. The SGYZ keeps single non-transformable
tetragonal phase even after a heat treatment of 500 h at
1400 °C. Under the measurement range from 500 to
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1600 °C, the thermal conductivity of SGYZ coating is
lower than that of YSZ coating. SGYZ can be explored as
a novel prospective candidate material for thermal barrier
coating application.
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