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Abstract

The effect of Gd,O3-doping on the crystal structure, surface morphology and chemical composition of the Gd,O3;-HfO, system is reported.
Gd,03-HfO, ceramics with variable composition were prepared by varying the Gd,O; composition in the range of 0-38 mol% balanced HfO,. X-
ray diffraction (XRD) analysis indicates that the Gd,O5 concentration influences the crystal structure of the Gd,03;—HfO, ceramics. Pure HfO, and
Gd,O5 crystallize in monoclinic and body centered cubic structure, respectively. The Gd,O;—-HfO, ceramics exhibit mixed monoclinic and fluorite
structure when the Gd,O5 concentration is varied from 4 to 12 mol%. At 20 mol% of Gd,0Os3, existence of only the fluorite phase was found.
Increasing the Gd,O5 concentration to 38 mol% results in the formation of single-phase pyrochlore Gd,Hf,0; (a =5.258 A).
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1. Introduction

Ceramic materials based on zirconia (ZrO,) and hafnia
(HfO,) find wide spread applications in mechanical, aerospace
and energy related applications. Coatings or thin and thick films
of these ceramics are desired in a number of technological
applications where protection against wear, heat and harsh
environments are required. Examples include aero-engines, gas
turbines, coal-based advanced power generation systems,
combustion and propulsion systems, boilers, fuel cells and
thermal and nuclear power plants. The most important to mention
are their application as thermal barrier coatings (TBCs), which
prevent the damage of the engine components that are exposed to
very high temperature of the hot gases [1-9]. Widespread efforts
have been directed to develop the appropriate thermal barrier
coating materials for high temperature application [10-27].
TBCs allow the gas turbine to operate at higher temperature by
reducing the heat transfer from hot gas to superalloy blades and
thereby improving the efficiency. Yttria (Y,03) stabilized
zirconia (YSZ) is the current industry standard TBC due to its
low thermal conductivity, phase stability at relatively high
temperature, high thermal expansion coefficient compared to
other ceramics and good erosion resistance [3]. However, at
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temperature above 1200 °C, t'-tetragonal to tetragonal and cubic
then to monoclinic phase transformation occurs resulting in a
volume change, which leads to the formation of crack in the
coatings [4,8,10]. This limits the application of YSZ at elevated
temperature. Increasing demand to improve the efficiency of the
gas turbines leads to search for alternate TBCs that will allow the
operating temperature to increase further.

In order to develop successful TBC, it is very important to
understand the behavior of the composite ceramic materials. In
this context, the present work was performed on the gadolinia
(Gd,03) doped HfO, system, where Gd,O5 was stabilizer. It has
been reported that thermal conductivity of Gd,03—ZrO, system
is lower compared to conventional Y,O; stabilized ZrO, [23].
Also 4 mol% Gd,03 stabilized ZrO, sintered more slowly than
similar composition of Y,03-ZrO, system [23]. Gd,0s;—HfO,
system has been proved to have lower thermal conductivity
compared to YSZ TBCs [6]. In addition, the temperature stability
of HfO, is higher than that of ZrO,. It transforms into the
tetragonal form when heated to at temperatures higher than
1700 °C. Further transformation into the cubic polymorphic
form having the fluorite structure takes place at 2700 °C [28,29].
Therefore, it is worth investigating the Gd,O;—HfO, ceramics.
Gd,03;—HfO, ceramics with variable composition were prepared
by varying the Gd,O5; composition in the range of 0-38 mol%
balanced HfO,. The effect of Gd,0O5-doping on the crystal
structure, surface morphology and chemical composition of the
Gd,03;-HfO, system is reported in this paper.
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2. Materials and methods

Gd,03-HfO, ceramics were prepared using conventional
solid-state chemical reaction method. The ceramics were
prepared by varying the composition of Gd,Oj in the range of
0-38 mol%, rest balanced for HfO,. The starting materials were
Gd, 05 (size: ~400 mesh and purity: 99.99%) and HfO, (size:
~400 mesh and purity: 99.95%) powders. These powders were
properly ground and mixed in a mortar. Then the mixed powder
was compressed in a die and punch to make 0.25 inch diameter
pellet. The pressure of compression was 100,000 psi. The
pellets were sintered at 1400 °C for 24 h. The resulting targets
were then used for further investigation to characterize the
microstructure evolution as a function of Gd,O3-composition.
The crystal structure of the Gd,O; and HfO, powders and
Gd,03;-HfO, ceramics were investigated using a Bruker D8
Discover X-ray diffractometer employing Cu K, radiation of
wavelength 1.5406 A. The surface morphology of the materials
was examined using Hitachi S-4800 scanning electron
microscope (SEM). The elemental composition and surface
mapping was investigated by electron dispersive X-ray
spectroscopy (EDS) analysis.

3. Results and discussion
3.1. Crystal structure and phase analysis

XRD patterns of as-received HfO, and Gd,O5 powders at room
temperature are shown in Fig. 1. It is evident (Fig. 1a) that the
crystal structure of HfO, is monoclinic with lattice parameters
a=5.1156 A, b=5.1722 A and ¢ = 5.2948 A. The most intense
(—1,1,1) peak appeared at 20 = 28.356°, which is in agreement
with the literature for monoclinic HfO, (JCPDS No. 74-1506).
Similarly, Gd,Oj3 exhibits a body centered cubic (bcc) structure
(Fig. 1b) with lattice parameter a = 10.813 A. The strongest
(2 2 2) peak was found at 26 = 28.578° (JCPDS No. 43-1014).

The crystal structure of the Gd,O3-HfO, ceramics showed
interesting structural evolution as a function of Gd,0O5 content.
XRD patterns of the Gd,O3—-HfO, ceramics are shown in Fig. 2.
The formation of both monoclinic and fluorite phases is evident
from the XRD curves (Fig. 2a and b) for Gd,O5 concentration
increasing from 4 to 20 mol%, at which point there is no
evidence of monoclinic phase. Gd,O3;—HfO, ceramics with
20 mol% Gd,03 exhibit only the fluorite phase. At 38 mol%,
face centered cubic (fcc) pyrochlore Gd,Hf,O; (a =5.258 A
JCPDS No. 24-0425) formation occurs. With the increase of
Gd,O5 concentration from 4 to 38 mol%, the structure is
changing from both monoclinic and fluorite to single fluorite
and finally to FCC pyrochlore. The expanded region of the
peaks where there is a visible trend indicating the changes is
shown in Fig. 2c. The monoclinic (—1,1,1) and fluorite intensity
ratio is plotted and shown in Fig. 3. It is obvious that the
monoclinic phase is decreasing with increase of Gd,O; content
and at 20 mol% the phase is completely fluorite. When the
Gd,0O5 concentration is 100 mol% (pure Gd,03), the crystal
structure was base-centered monoclinic (a =14.061 A,
b=3.566A and c¢=8.76 A, JCPDS No. 43-1015) which is
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Fig. 1. XRD patterns of as received HfO, and Gd,O; powders. The monoclinic
and body centered cubic structure of HfO, and Gd, O3, respectively, are evident.

different from Gd,O3; powder pattern obtained at RT. The two
phases (monoclinic + fluorite) region from 4 to 12 mol%
Gd,Oj; can be viewed as partially stabilized HfO, because there
is not enough Gd** ions to fully stabilize the HfO,. At 20 mol%
Gd,03, there are enough Gd>" ions to stabilize the HfO, fully
and thus a single fluorite structure is formed. At 38 mol%, there
are more Gd>* ions to form the pyrochlore composition and
thereby forming fcc pyrochlore structure.

3.2. Morphology and composition

The SEM images of GSH pellets as a function of Gd,O3
content are shown in Fig. 4. It is evident that microstructure of the
pellets changes with the Gd,O; content. The morphology
changes observed with progressive addition of Gd,O3 is believed
due to the distortion as a result Gd ions interacting with the Hf
ions in the ceramics. At low percentage (4%) of Gd,O3 the
particles are smaller compared to that for higher amount of
Gd,05. Random void spaces are still visible all over the sample.
The particles get attached together with the increase of Gd,O3
addition (8%). At 12% of Gd, O3, particles become bigger by the
consumption of small particles. The void spaces decrease and
pores are barely visible at this composition. The material looks
very much packed at 20% of Gd,O3 with no visible pore. The
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Fig. 2. (a,b) XRD patterns of the Gd,03-HfO, ceramics. The structural evolution with increasing Gd,O3 content is evident from the XRD data. (c) Expanded region

of the peaks indicating the phase formation in Gd,O;-HfO, ceramics.

agglomerated big domains are attached to one another without
maintaining any gap in between. This change in morphology is in
good agreement with the crystal structure evaluated by XRD
measurement. As was evident in XRD analysis, when the
structure was changing from monoclinic to fluorite the material
crystallizes in one crystal structure which makes the crystal
domain bigger. Because of the favorable structure the material

might have smaller surface energy and get in close contact with
each other making the compact surface morphology. Interest-
ingly, the morphology is completely different at 38% of Gd,O3
showing round shape small particles and a lot of pores all over the
sample. This is not unexpected since the material crystallizes in
pyrochlore structure at 38% Gd,O5 because of the excess Gd**
the morphology is different compared to others.



1804 C.K. Roy et al./Ceramics International 38 (2012) 1801-1806

1.5

I(M -111)/1(F)

0.5
0 b

0 2 4 6 8 10 12 14 16 18 20
Mol% of Gd,0,

Fig. 3. Monoclinic to fluorite intensity ratio in Gd,O3—HfO, ceramics as a
function of Gd,O5 content.

The EDS spectra of GSH pellets as a function of Gd,0O3
concentration are presented in Fig. 5. The spectra indicate the
X-rays emitted from various elements. The peaks correspond-
ing to Gd, Hf, and O atoms present in the sample are as labeled
(Fig. 5). The respective energy positions and the specific X-ray
lines from various elements are also indicated in Fig. 5. The
absence of any other peaks except from Gd, Hf, and O indicate
the GSH pellets without any elemental impurities incorporated
during chemical processing and/or handling. The peak intensity
of Gd and O is increasing with the increase of Gd,O;
concentration as it is expected. The total Gd concentration
increases from 6.85 wt% to 34.89 wt% in the GSH ceramics.
The corresponding total Hf concentration decreases from
87.56 wt% to 58.12 wt% as the Gd,O3 content is increased
from 4 to 38 mol%. The composition was very close to the
starting mixing composition of the powders. This observation

Fig. 4. SEM images of Gd,0;—HfO, ceramics as a function of Gd,O; content.
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Fig. 5. EDS spectra of Gd,O3-HfO, ceramics as a function of Gd,O; content.
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Fig. 6. Surface mapping of Gd,O5-HfO, ceramics as a function of Gd,03 content. Uniform distribution of Gd, Hf and O in each of the ceramic is evident from the
mapping images.
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indicates that the ceramics maintain the integrity and chemical
stoichiometry upon processing. Elemental mapping on across
the surface of the sample (particular surface area) was
performed to investigate the distribution of Gd and Hf atoms
in the ceramics. Mapping images of GSH pellets, as a function
of Gd,0O3 content, are shown in Fig. 6. It is obvious from the
images that the Gd concentration is increasing and Hf
concentration is decreasing with the increase of Gd,O;
concentration and the Gd and Hf atoms are distributed evenly
on this particular surface area.

4. Conclusions

The Gd,0;-HfO, ceramics were prepared by mixing and
compressing the powders followed by thermal treatment at
1400 °C. XRD analyses showed that the Gd,O; content
influences the crystal structure and phase of the ceramics.
The Gd,O5—HfO, ceramics exhibit monoclinic to a mixture of
monoclinic and fluorite transition when the Gd,O5; concentra-
tion is varied from 0 to 12 mol%. At 20 mol% of Gd,Os;,
existence of only the fluorite phase was found. The formation of
single-phase pyrochlore Gd,Hf,O, phase formation occurs
with increasing Gd,Oj3; concentration to 38 mol%. With
packing improved and single phase formation, 20 mol% of
Gd,03 addition seems to be optimum. The SEM imaging
analysis indicates the morphological features characteristic
interaction of the Gd and Hf ions. The EDS elemental
composition and mapping analyses confirm the chemical
composition well maintained, Gd concentration increases and
homogeneous distribution characteristics of the Gd,O;—-HfO,
ceramics.
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