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a b s t r a c t

In this study, the sintered bodies and EB-PVD coatings of gadolinium zirconate (Gd2Zr2O7) ceramics with
thermal and elastic resistance are prepared by the addition of yttrium oxide (Y2O3) to the composition
of Gd2Zr2O7 for thermal barrier coatings. XRD analysis reveals that the Y2O3-doped Gd2Zr2O7 thermal
barrier material has a thermally stable pyrochlore structure. The Y2O3-doped Gd2Zr2O7 shows lower
thermal conductivity than Y2O3-doped stabilized zirconia (YSZ), from 2.12 W/m K to 0.82–1.32 W/m K,
eywords:
hermal barrier coatings
adolinium zirconate
ttrium oxide
hermal conductivity
B-PVD

and greater hardness than pure Gd2Zr2O7, from 6 GPa to 10 GPa as measured by Vickers indentation and
more than 20 GPa by nano-indentation, mainly owing to changes in the microstructure. The indenta-
tion stress–strain curves and load–penetration depth curves obtained by Hertzian and nano-indentation
measurements indicate that the behavior of the curve is crucially influenced by the addition of Y2O3 to
the pure Gd2Zr2O7. The results suggest that Y2O3-doped Gd2Zr2O7 may be expected to yield hardness and
thermal insulation properties superior to those of commercial YSZ coatings for thermal barrier coatings

ys.
on high temperature allo

. Introduction

A gas turbine system is operated at high temperatures
o increase engine efficiency and improve blade performance.
ncreased efficiency is closely related to savings in fuel consump-
ion and a reduction in the maintenance cost of cooling [1,2]. The
perating temperature of a gas turbine system tends to increase
rom 1100 ◦C to 1500◦C and is considered one of the most important
actors that affect the efficiency of gas turbine-operated power sys-
ems. One way of increasing efficiency is to use advanced ceramic

aterials for the components of hot section parts of alloys. Thermal
nsulation by a thermal barrier ceramic material having low ther-

al conductivity is one way of constructing an efficient gas turbine
ystem [1–6].

It is recognized that Y2O3-doped zirconia (YSZ) ceramic has been
sed for the thermal barrier materials of the turbine blade, bucket,
nd combustion liner owing to its low thermal conductivity, good
echanical strength and the similarity of its thermal expansion
oefficient with that of bond coat [1,2]. However, the microstruc-
ure of commercial YSZ topcoats, which is usually deposited by
ir plasma sprayed YSZ, is often inhomogeneous. This unfavorable
uality leads to the major cause of topcoat failure [1,7]. Sintering

∗ Corresponding author. Tel.: +82 2 910 4834; fax: +82 2 910 4839.
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© 2010 Elsevier B.V. All rights reserved.

occurs at high temperature and the tetragonal phase of zirconia
material precipitates a cubic phase that renders the tetragonal
phase transformable to a monoclinic phase [8,9]. Sintering and
phase transition-induced volume changes cause stress changes in
the topcoat layer, which, in turn, causes the failure of the topcoat
layer [10].

Therefore, promising rare earth zirconate ceramics have been
suggested as materials for thermal barrier coatings [1–6]. It is
reported that zirconate ceramic offers the advantage of having
no phase transition during thermal aging and can maintain lower
thermal conductivity than YSZ. The Electron Beam Physical Vapor
Deposition (EB-PVD) process has been developed to improve the
durability of thermal barrier coatings (TBCs) because this process
can be used to improve the bonding strength and strain tolerance
in place of air plasma TBCs [2,6,11–13]. The process is known to
be reliable and strain-tolerant because it can produce TBCs with
a unique columnar microstructure at high deposition rates, and
can form durable and dense layers containing nano-sized pores,
nano-gaps and some feather-like structures [14–16].

However, the mechanical properties of zirconate ceramics are
still inferior to those of YSZ. In general, when hard dust and parti-

cles come in contact with the topcoat of a gas turbine component,
the contact stresses can cause damage on the TBCs. Fatigue stresses
by vibration may cause critical stresses in the TBCs. Foreign object
damage (FOD) can be also created by large particles on ceramic
coatings. Ceramic TBCs are prone to wear when subjected to high

dx.doi.org/10.1016/j.jallcom.2010.07.196
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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ig. 1. Schematic diagrams of (a) Vickers indentation and (b) Hertzian indentation.

emperatures for long periods of time, which limits the life of the
oating. When the contact force exceeds a critical point or criti-
al fatigue stresses are involved at high numbers of cycles, contact
amage can be initiated as deformed inelastic zones or cracks at the
ritical flaw in highly localized stress fields. Indentation techniques
uch as Hertzian, Vickers and nano-indentations [17–19] are used
o evaluate the damage characteristics of TBC layers in this study.
chematic diagrams of the Vickers and Hertzian indentations used
n this study are shown in Fig. 1. A Hertzian contact test using a
ard tungsten carbide (WC) ball is used to characterize the elas-
ic and inelastic localized stress–strain curves. Vickers indentation
nd nano-indentation tests are also used to characterize the hard-
ess of TBCs after inducing localized microsized damage using a
iamond indenter.

This work aims to study Y2O3, which is added to Gd2Zr2O7
eramics to produce advanced TBCs. These TBCs are required
o have better thermal and mechanical properties than existing
BCs such as YSZ and pure Gd2Zr2O7 material. In this work, we
nvestigate the effect of Y2O3 content on thermal properties such
s the thermal expansion coefficient and thermal conductivity,
nd on mechanical properties such as the hardness, indentation
tress–strain curve and load–penetration depth curve of Gd2Zr2O7
eramics. The samples are prepared as relatively dense-sintered
aterials and EB-PVD coatings. A particular focus of our study is

o show the change caused by Y2O3 addition on the microstruc-
ure, thermal conductivity, hardness and mechanical behaviors of
he resultant materials, as reflected in the indentation stress–strain
urves and load–penetration depth curves.

. Experimental procedures

The starting powders for the sintered materials used to characterize the ther-
al and mechanical properties of thermal barrier materials were Gd2O3 (Terio,

GdO-3N, Japan), pure ZrO2 (Tosoh, TZ-25, Japan) and 3 mol%, 4.56 mol%, 8 mol%
nd 10 mol% yttria stabilized zirconia (YSZ, Terio, Japan). Pure ZrO2, 3 mol% YSZ,
.56 mol% YSZ, 8 mol% YSZ and 10 mol% YSZ added Gd2O3 are designated as GZO,
Y-GZO, 4.56Y-GZO, 8Y-GZO and 10Y-GZO, respectively. The detailed compositions
f GZO (Gd2Zr2O7) and Y2O3-doped Gd2Zr2O7 (3Y-GZO, 4.56Y-GZO, 8Y-GZO and
0Y-GZO) are described in Table 1. The powders were ball-milled in ethanol for
4 h. The milled powder was dried and sieved with a 150 �m screen.

Each powder was uniaxially pressed at a pressure of 30 MPa into a 20 mm diam-
ter disc and then sintered in air at 1600 ◦C for 2 h at the rate of 5 ◦C/min. The sintered

odies to be used for the evaluation of the thermal and mechanical properties were
hen machined using diamond paste. The ingot to be used as a porous target material
or EB-PVD coating was sintered at 1350 ◦C for 2 h. An alumina substrate, which is
nown as the main reaction component between the topcoat and bondcoat alloys,
as prepared by polishing the surface of a commercial sintered plate (purity 96%,
.W.F.I, Korea).

able 1
ompositions of pure Gd2Zr2O7 and Y2O3-doped sintered Gd2Zr2O7.

Material Gd2O3 (wt%) ZrO2 (wt%) Y2O3 (wt%)

GZO 59.5 40.5 –
3Y-GZO 57.20 40.5 2.30
4.56Y-GZO 55.98 40.5 3.52
8Y-GZO 53.05 40.5 6.45
10Y-GZO 51.25 40.5 8.25
mpounds 507 (2010) 448–455 449

GZO, 4.56Y-GZO and 8Y-GZO coatings were deposited from the fabricated target
ingots onto substrates in vacuum using a 10 kW EB-PVD instrument. The substrate
temperature was maintained at 900 ◦C. The maximum power of the instrument was
maintained at 3.75 kW. During deposition, the pressure in the chamber was kept at
about 0.013 Pa. The deposition rate was controlled to approximately 0.5 �m/min for
a total of <20 min.

The densities of the sintered materials were measured using the Archimedes
method. The phases of the sintered products were qualitatively analyzed using an
X-ray diffractometer (XRD, D/Max2000-Ultima Plus, Rigaku, Japan). The central part
of each specimen was fractured to characterize the microstructure, porosity, size and
size distribution of the pores. The microstructure and morphology of the specimens
were examined by scanning electron microscopy (SEM, JEOL, JSM-6700F, Japan).
The coating surface and fractured surface perpendicular to the coating surface was
examined. The porosity of each composition was checked using an image analyzer
as well as the Archimedes method. We also used a mercury porosimeter to check
the size and size distribution of the pores in each specimen.

The thermal diffusivity, ˛, was measured using a Laser Flash Apparatus (LFA,
NETZSCH, LFA427, Germany) for the GZO, 3Y-GZO, 4.56Y-GZO, 8Y-GZO and 10Y-GZO
sintered materials. Both the top and the bottom of the specimens were blackened
because YSZ is semi-transparent for a wide range of wavelengths. The laser light was
transmitted to one side of the specimen, then, the thermal diffusivity was deter-
mined as a function of the time, t, by measuring the temperature change, �T, of the
specimen using an IR sensor. The thermal diffusivity, ˛, was calculated using Eq. (1).

˛ = 0.1388 ×
(

d2

t1/2

)
(1)

In Eq. (1), d is the thickness of the specimen and t 1/2 is the corresponding time
at 1/2 �Tmax in the t–�T graph. For each specimen, we measured the diffusivity
three times at the same temperature. The specific heat, Cp , was also measured using
a differential scanning calorimeter (DSC). The thermal conductivity, k, was then
calculated using Eq. (2).

k = ˛�Cp (2)

In Eq. (2), � is the density of the specimen.
We measured the thermal expansion coefficients of the GZO, 3Y-GZO, 4.56Y-

GZO, 8Y-GZO and 10Y-GZO sintered materials for a 5 mm × 5 mm × 25 mm specimen
in air, as the temperature of the specimen was changed from room temperature
to 1340 ◦C at a heating rate of 10 ◦C/min and a cooling rate of 10 ◦C/min using a
dilatometer (L75, LINSEIS, Germany).

Hertzian indention tests were carried out using a tungsten carbide (WC) sphere
with a radius of r = 1.98 mm on sintered materials and EB-PVD coatings [17,18].
Indentation stress–strain curves were obtained from measurements of the contact
radius for various values of P and r, and for loads from 30 N to 4000 N. Then the
indentation stress, po = P/�a2, and indentation strain, a/r were calculated [18,20,21].

Vickers indentation tests were performed using a microhardness tester on the
sintered materials. The hardness was measured as a function of the indentation load,
P, and the average value of the half-diagonal lengths of each indent, a. The load was
varied from 1 N to 10 N.

H = p

2a2
(3)

Nano-indentations were carried out using a three-sided pyramidal Berkovich
diamond indenter on the EB-PVD coating materials. The indentation load was
P = 10–40 mN, and 10 indentations were made at each load. All indentations were
performed using the same load–time schedule, and the load–penetration depth
curves were obtained and used to calculate the hardness.

3. Results and discussion

3.1. Sintered materials

3.1.1. Phase and microstructure of sintered materials
X-ray diffraction analysis revealed that all the sintered materials

prepared in this study had mainly a pyrochlore structure as shown
in Fig. 2. The main peaks at 2� = 28◦, 34◦, 49◦ and 58◦ corresponded
to the pyrochlore structure. The peaks of Y2O3-doped Gd2Zr2O7
slightly shifted due to the mismatch of the atomic radius, phase
transition or vacancy creation according to the addition of Y2O3, so
the position of the main peak was not changed, indicating that the
doping of Y2O3 into the pyrochlore crystal lattice does not change
the crystal structure very much. Although studies in the literature

show that Gd substitution by smaller lanthanides induces a fluorite
structure in pyrochlore [22–24], the resulting structure is consid-
ered a pyrochlore–fluorite mixture rather than a complete fluorite
structure. Moreover, the radius of Y3+ (0.090–0.1019 nm) relative to
that of Gd2+ (0.094–0.1053 nm) is not much smaller [22]. The ionic
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Table 2
Porosities of pure Gd2Zr2O7 and Y2O3-doped sintered Gd2Zr2O7.

Material Porosity (%)

GZO 7.0 ± 0.8
3Y-GZO 1.0 ± 0.8
ig. 2. XRD patterns of the GZO, 3Y-GZO, 4.56Y-GZO, 8Y-GZO and 10Y-GZO sintered
aterials. Reported XRD patterns are shown as a reference.

adius ratio of Y3+/Zr4+ is about 1.45 [23]. Therefore pyrochlore-
yped Gd2Zr2O7 is comparatively tolerant to Y2O3 addition in this
tudy.

The relative densities of the Gd2Zr2O7 and Y2O3-doped sintered
d2Zr2O7 materials with various compositions that were sintered
t the same conditions of 1600 ◦C for 2 h are shown in the graph of
ig. 3. The densities of the sintered materials were measured, and
he calculated relative densities were plotted. The result indicates
hat 4.56Y-GZO was the most dense-sintered material. The porosity
s measured using the Archimedes method is also shown in Table 2.
he relative densities of 8Y-GZO and 10Y-GZO are smaller than that
f 4.56Y-GZO, corresponding to the increasing porosity of the sin-
ered materials. It is known that a vacancy should be formed [9,25]

o maintain electrical neutrality according to the Kröger–Vink rela-
ion by Y2O3 or Gd2O3 doping in a ZrO2 composition, as indicated
n Eqs. (4) and (5).

2O3
ZrO2−→Y′

Zr + V◦
0 + O0 (4)

ig. 3. Relative densities of pure Gd2Zr2O7 and Y2O3-doped sintered Gd2Zr2O7.
4.56Y-GZO 0.1 ± 0.05
8Y-GZO 6.0 ± 0.7
10Y-GZO 10.0 ± 0.8

Gd2O3
ZrO2−→2Gd′′

Zr + V◦◦
0 + 3O0 (5)

Therefore, it is conjectured that the newly formed vacancy in
the oxygen lattice by Y2O3 addition allows atoms to move into an
equilibrium position with lower energy thermodynamically, as a
result of which material transport readily occurs during sintering by
the addition of Y2O3 [9]. Therefore, the sintering density increases
as the content of the oxygen vacancy increases [26]. Other litera-
ture reports that the atomic distance shortens, and the bond energy
increases by the increase in the Y2O3 concentration in ZrO2, thus it
affects the thermal expansion coefficient [27].

The addition of Y2O3 in sintered Gd2Zr2O7 material has an influ-
ence on the pore size and distribution, as shown in Fig. 4. Pore sizes
and their distributions as measured by an Hg porosimeter at the
central region of each specimen are plotted in the graph for GZO, 3Y-
GZO, 4.56Y-GZO, 8Y-GZO and 10Y-GZO. Note that there are fewer
larger pores and that the pores are of more uniform sizes in the
4.56Y-GZO sample than in the GZO or 3Y-GZO sample. It is observed
that there are uniform pores with sizes ranging between 80 nm and
140 nm and smaller for the 4.56Y-GZO sample. The diameter of the
pores increases and there is a wider size distribution for the 8Y-GZO
and 10Y-GZO samples.

The fractured-surface views of the GZO, 3Y-GZO, 4.56Y-GZO,
8Y-GZO and 10Y-GZO materials sintered at 1600 ◦C for 2 h are
shown in Fig. 5. The microstructure was obtained by SEM obser-
vation. Note that the relative densities shown in Fig. 3 for GZO,
8Y-GZO and 10Y-GZO are smaller than those of 3Y-GZO and 4.56Y-
GZO, corresponding to the increasing porosity in the sintered
samples, as shown in the SEM images. As the Y2O3 concentra-
tion increases, from GZO to 4.56Y-GZO, densification occurs with
decreasing porosity, whereas the pore shapes do not change very

much. In 3Y-GZO, local densified regions with larger sizes of pores
nearby were observed due to the small addition of Y2O3, as shown
in Fig. 5(b). The locally densified regions were distributed uniformly
as the Y2O3 concentration increased to 4.56Y-GZO, as shown in

Fig. 4. The result of pore size analysis by Hg porosimeter in pure Gd2Zr2O7 and
Y2O3-doped sintered Gd2Zr2O7.
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ZO, (c) 4.56Y-GZO, (d) 8Y-GZO and (e) 10Y-GZO sintered materials.
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Fig. 5. SEM images of the fractured surface of (a) GZO, (b) 3Y-G

ig. 5(c). As the Y2O3 concentration increases, from 4.56Y-GZO to
0Y-GZO, the porosity increases again even though locally densi-
ed regions occur. The SEM images also reveal that the fractured
urfaces are irregular for 3Y-GZO, 4.56Y-GZO and 8Y-GZO, while
he surfaces of GZO and 10Y-GZO are relatively flat.

.1.2. Thermal properties of sintered materials
Plots of the thermal expansion coefficients for the Gd2Zr2O7

nd Y2O3-doped sintered Gd2Zr2O7 materials with various Y2O3
ompositions versus temperature are shown in Fig. 6. YSZ data are
nserted in the graph from the previous literature [1]. In general
urrent thermal barrier coatings consist of three layers: a Ni-based
ubstrate layer, an oxidation-resistant bondcoat layer and a ceramic
opcoat layer. In this layered system, the thermal expansion coef-
cient is an important property because thermal stress due to the
hermal expansion mismatch between the TBCs and the bond coat
ayer may cause the failure of the TBCs [7]. Because the thermal

xpansion coefficient of the commercial bond coat material, NiC-
CrAlY, is about 17.5 × 10−6/◦C (room temperature ∼1000 ◦C), [1]
larger thermal expansion of the TBC means a lower thermal mis-
atch between the bond coat and the topcoat layer. A high thermal

xpansion coefficient does not build up residual tensile stress by
Fig. 6. The curves of thermal expansion of pure Gd2Zr2O7 and Y2O3-doped sintered
Gd2Zr2O7.



452 K.S. Lee et al. / Journal of Alloys and Compounds 507 (2010) 448–455

F
t

t
d
s
s
9
G
a
O
(
m
i
a

f
t
i
t
r
c
G
e
G
t
i
a
t
H
c
o
m
i
o
t

3

F
r
N
t
t
o

Y

3.2. Coating materials

3.2.1. Phase and microstructure of coating materials
The results of X-ray diffraction reveal that all coating layers

deposited by EB-PVD also consist of pyrochlore structure. All phases
ig. 7. The curves of thermal conductivity for pure Gd2Zr2O7 and Y2O3-doped sin-
ered Gd2Zr2O7.

hermal mismatch between the topcoat and the bondcoat layer
uring repetitive heating and cooling cycles. The data in Fig. 6
how that the addition of Y2O3 almost increases the thermal expan-
ion coefficient of Gd2Zr2O7 to that of YSZ at temperatures above
00 ◦C. It is notable that the thermal expansions of Y2O3-doped
d2Zr2O7 are similar and that the highest value, 10–10.5 × 10−6/◦C
t high temperature, >1200 ◦C, is close to that of YSZ, 10.7 × 10−6/◦C.
n the other hand, the thermal expansion coefficient of Gd2Zr2O7

9 × 10−6/◦C) indicates that it causes a larger thermal expansion
ismatch with bondcoat during thermal cycling and cooling. Thus,

t is expected that Y2O3-doped Gd2Zr2O7 can be stably used even
t high temperature.

Fig. 7 shows the thermal conductivity versus Y2O3 composition
or the Gd2Zr2O7 and Y2O3-doped sintered Gd2Zr2O7 materials. The
hermal conductivity is also an important property for determin-
ng the thermal insulation capacitance of TBCs [28]. It is noteworthy
hat all GZO zirconate materials show lower thermal conductivities
elative to those of YSZ (∼=2.1 ∼ 2.2 W/m K). Although the thermal
onductivities of 3Y-GZO and 4.56Y-GZO are higher than that of
ZO, the values are still lower than that of YSZ as reported in the lit-
rature [1]. The results of the thermal conductivity of Y2O3-doped
d2Zr2O7, as shown in Fig. 7, were obtained from the results of

he change in the porosity and vacancy by the addition of Y2O3
n the Gd2Zr2O7 material. The thermal conductivities of 3Y-GZO
nd 4.56Y-GZO were a little higher than that of GZO mainly due
o the high relative density (lower porosity), as shown in Figs. 3–5.
owever, in the case of 8Y-GZO, the effect of increased vacancy con-
entration is dominant in the reduction of the thermal conductivity
f GZO. The vacancy created from the addition of yttrium oxide to
aintain electrical neutrality [25] contributes to phonon scatter-

ng. It is conjectured that the slightly higher thermal conductivity
f 10Y-GZO relative to that of 8Y-GZO is due to vacancy clustering
hat results from the interaction of vacancies [28].

.1.3. Mechanical properties of sintered materials
The hardness as measured by Vickers indentation is shown in

ig. 8 for the Gd2Zr2O7 and Y2O3-doped sintered Gd2Zr2O7 mate-
ials for various indentation loads as a function of Y2O3 addition.
ote that the hardness of 3Y-, and 4.56Y-GZO, 10 GPa, is greater
han that of GZO, 6 GPa. The hardness of 8Y-GZO is also greater
han those of the GZO materials, corresponding to the contribution
f the addition of Y2O3 to hardness improvement.

Hertzian indentation stress–strain curves of the Gd2Zr2O7 and
2O3-doped sintered Gd2Zr2O7 materials are plotted in Fig. 9. The
Fig. 8. The variation of the hardness behavior with the addition of Y2O3 to sintered
Gd2Zr2O7.

results of the indentation stress–strain curve show that GZO is
indicative of a relatively plastic material (close to 0.5 at high strain
range). On the other hand, 4.56Y-GZO is a stiffer material and
exhibits an elastic property (strain hardening coefficient, ˛ ∼= 1 even
at high strain range) despite the fact that all damages observed
in this study are quasi-plastically deformed damages [18]. It is
expected that a higher elastic modulus and yield stress would con-
tribute to high resistance to damage from particle attacks or wear
during gas turbine operation when the TBCs are not subject to crit-
ical failure conditions caused by TGO formation. It is also notable
that the tendency of the stiffness change of each GZO material is
related to the porosity as shown in Table 2 and Figs. 3–5. As the
indentation stress–strain curve of 4.56Y-GZO is similar to that of
YSZ [21,29], we can say that the mechanical properties of GZO
material are made comparable to those of commercial YSZ by the
addition of Y2O3.
Fig. 9. The Hertzian indentation stress–strain curves for pure Gd2Zr2O7 and Y2O3-
doped sintered Gd2Zr2O7.
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ig. 10. SEM micrographs of TBCs deposited by EB-PVD and, GZO, showing the mor
.56Y-GZO, and (e) and (f) are for 8Y-GZO coatings.

f GZO correspond to the pyrochlore structure, except the Al2O3
hase, which was used as the substrate material. On the other hand,
he peaks of Y2O3-added Gd2Zr2O7 showed a little shift due to the

ismatch of the atomic radius and conversion to fluorite struc-
ure, but most of the peaks indicate the doping of Y2O3 into the
yrochlore crystal lattice, as do the sintered materials shown in
ig. 2.

The SEM microstructures of the coating and fractured surface
f the GZO, 4.56Y-GZO, and 8Y-GZO coating layers deposited by
B-PVD are shown in Fig. 10. As the Y2O3 concentration increased,
rom GZO to 4.56Y-GZO, the grains became coarse with abnormal
rain growth, but most of the GZO grains remained fine. The images
lso reveal that the grains are faceting for 4.56Y-GZO and faceting
ven more for the finer grains of 8Y-GZO, but the average fine-grain
izes of the two samples are similar to each other.

The columnar microstructures of all three samples, GZO, 4.56Y-
ZO, and 8Y-GZO, are shown in the cross-sectional views in Fig. 10.
owever, the columns deposited from the 4.56Y-GZO ingots are
learer, compared to GZO or 8Y-GZO, as shown in the figure. The
icrostructures in Fig. 10(c) and (d) illustrate that more densi-
cation occurred in the case of 4.56Y-GZO, which indicates that
he same densification behavior was found in the coating materi-
ls as in the sintered materials. Grain growth with densification in
ig. 10(c) and the clearly shown nano-gap in Fig. 10(d) indicate that
ore densification occurred for 4.56Y-GZO.
gy at (a) the coating surface and (b) the fractured surface, where (c) and (d) are for

The measured density and results of pore analysis show that all
coating layers consist of a fully-dense deposition layer (>99.95% of
relative density) with a nanometer range of pore sizes. Dense films
of about 10 �m thickness are clearly shown in Figs. 10(b), (d) and
(f).

3.2.2. Mechanical properties of coating materials
Fig. 11 shows Hertzian indentation stress–strain curves of

Gd2Zr2O7 and Y2O3-doped Gd2Zr2O7 coatings deposited by EB-
PVD. At the same stress condition, the strain of 4.56Y-GZO is smaller
than that of GZO or 8Y-GZO, indicating that 4.56 Y-GZO is more
elastic than GZO even though all the observed damages are quasi-
plastically deformed damages [18]. It is thought that the denser
microstructure found in 4.56Y-GZO as shown in Figs. 10(c) and (d)
results in harder and more elastic behavior. As a result, it is notable
that the indentation stress–strain curve of 4.56Y-GZO is similar to
that of YSZ [29]. The results are coincident with those of sintered
materials as shown in Fig. 9, indicating that the Y2O3 effect also
dominates in EB-PVD coating materials.

Fig. 12(a) shows the load–penetration depth curves for GZO and

4.56Y-GZO EB-PVD coatings during nano-indentation. The curve
formed by the 4.56 mol% (8 wt%) YSZ data under the same inden-
tation condition is inserted for comparison. At the same load
condition, the indentation depth of 4.56Y-GZO is smaller, indicat-
ing that 4.56Y-GZO is harder than GZO and YSZ. Our previous result
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ig. 11. The Hertzian indentation stress–strain curves for pure Gd2Zr2O7 and Y2O3-
oped Gd2Zr2O7 EB-PVD coatings.
elating to the indentation size effect [15] indicates that the coarser
nd denser columns found in Figs. 10(c) and (d) decrease the proba-
ility of the nano-sized indenter being situated on a weak interface
etween columns, which results in harder behavior.

ig. 12. (a) Load–penetration depth curves of nano-indentation for pure Gd2Zr2O7

nd Y2O3-doped Gd2Zr2O7 EB-PVD coatings. The corresponding curve for YSZ is
nserted in the graph and (b) hardness calculated from load–penetration depth
urves of the nano-indentation test for pure Gd2Zr2O7 and Y2O3-doped Gd2Zr2O7

oatings. The indentation loads are varied from 10 mN to 40 mN.
mpounds 507 (2010) 448–455

The hardness is calculated as a function of the load from the
load–penetration depth curve of nano-indentation and then plot-
ted, as shown in Fig. 12(b). Note that the hardness increases more
at 4.56Y-GZO than for GZO. The plots show that the hardness
of EB-PVD coatings is insensitive to the indentation loads. Note
that the hardness evaluated by nano-indentation showed higher
mechanical properties than that by Vickers indentation, based on a
comparison between Figs. 8 and 12, which indicates the size effects
of indentation sites.

In this study we have suggested that microstructure tailoring by
Y2O3 addition can have an influence on the thermal properties such
as thermal conductivity and thermal expansion, and mechanical
properties such as hardness, indentation stress–strain curves and
load–penetration depth curves in Gd2Zr2O7 ceramics. Table 2 and
Fig. 5 show that the porosity is changed by the addition of Y2O3
to GZO materials. Fig. 4 shows the changes in the pore size and
size distribution of GZO by Y2O3 addition. Fig. 10 suggests that the
densification behavior is changed by Y2O3 addition to GZO EB-PVD
coating materials.

These results indicate that the tendency of microstructural
change is closely related to the tendency of the changes in the ther-
mal properties, as shown in Figs. 6 and 7, and is also closely related
to the mechanical properties, as shown in Figs. 8, 9, 11 and 12.
Among the tested materials, the 4.56Y-GZO material shows
good hardness and an appropriate thermal expansion coeffi-
cient while maintaining a lower thermal conductivity than the
YSZ material. A similar behavior of the indentation stress–strain
curve for Y2O3-doped Gd2Zr2O7 EB-PVD coatings relative to sin-
tered materials indicates that the mechanical resistance can be
improved by the addition of Y2O3 in Gd2Zr2O7 for thermal barrier
coatings.

4. Conclusions

In this study, Y2O3 from 2.3 wt% to 8.25 wt% was added to
Gd2Zr2O7, to improve the thermal and elastic properties of a
pure Gd2Zr2O7 thermal barrier material. Mechanical properties
such as the hardness, stress–strain curves and load–penetration
curve as measured by indentation tests were evaluated. Thermal
properties such as the thermal expansion coefficient and thermal
conductivity were evaluated for pure Gd2Zr2O7 and Y2O3-doped
sintered Gd2Zr2O7 materials. The results of phase analysis of the
Y2O3-doped Gd2Zr2O7 confirmed the thermally stable pyrochlore
structure of the material.

Mechanical properties such as the hardness and elastic proper-
ties were enhanced in Gd2Zr2O7 by Y2O3 addition mainly because
of microstructural change that resulted from change in the den-
sification behavior. The hardness was improved from 6 GPa to
10 GPa as measured by Vickers test and more than 20 GPa as mea-
sured by nano-indentation test with the addition of 3.52 wt% Y2O3
(4.56 mol% of YSZ to Gd2O3) to Gd2Zr2O7.

The Y2O3-doped Gd2Zr2O7 showed lower thermal conduc-
tivity than YSZ, from 2.12 W/m K to 0.82–1.32 W/m K and the
increase of Y2O3 content in the Gd2Zr2O7 composition enhanced
the thermal expansion coefficient of the pure Gd2Zr2O7, 10–10.5 ×
10−6/◦C.
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