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Abstract: Yttria-stabilized zirconia (YSZ) has been used as a thermal barrier coating (TBC) material
in gas turbines for several decades. Although continuous efforts have been made to develop novel
TBC materials that can work at a higher temperature, no single material other than YSZ has all the
desired attributes for the TBCs. In this paper, we report the in-situ synthesis of quasi-binary
GdNbO./Gd;NbO; composites based on the simple Gd,O;—Nb,Os binary phase diagram. The fracture
toughness of these quasi-binary composites is remarkably enhanced compared with the value predicted
by the rule of mixtures because the ferroelastic domain switching is more activated due to the residual
stress in the quasi-binary composites, which triggers more crack defections due to the enlarged
process zone. Additionally, the Gd;NbO; phase provides a low thermal conductivity due to the
substantial chemical inhomogeneity, which diffuses phonons. Gd;NbO;/GdNbO, exhibits a balanced
thermal conductivity of 1.6 W/(m‘K) at 1073 K and a toughness value of 2.76 MPa-m®”, and these
values are among the best comprehensive properties that have been obtained for new TBC materials.
The work demonstrates a feasible approach of designing a new TBC material with balanced properties
and can be easily fabricated.
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1 Introduction can provide a temperature gradient across the ceramic

topcoat, thereby allowing the metallic substrate to be
Thermal barrier coating (TBC) systems were developed used at elevated temperatures. The state-of-the-art
to protect the hot-section components of gas turbine ceramic topcoat material is yttria-stabilized zirconia

engines and have been in use for several decades. They ~ (YSZ) of 6-8 wt%, which consists of metastable tetragonal
phase zirconia (¢’-ZrO;). ¢’-ZrO, presents good overall

* Corresponding authors, properties under 1473 K, including good thermal properties,
E-mail: P. Zhang, peng. zhang@bjut.edu.cn; chemical stability, and mechanical properties [1,2].
However, as there is still an urgent demand for the
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ability to increase the inlet temperatures to increase the
thermal efficiency of the gas turbine engines [3-5],
YSZ cannot fulfil this requirement since the phase
transformation of the ¢’ phase above 1473 K would
cause severe coating spallation. Additionally, the sintering
behaviour of YSZ occurs at higher temperatures, inducing
thermal stresses during the application and accelerating
the failure of the TBC system [6,7]. As the development
of a cooling system and substrate superalloy materials
for the TBC systems has already met a bottleneck, the
most feasible way to boost the inlet temperatures is to
explore new ceramic topcoat materials. Research efforts
exploring new ceramic topcoat materials are mainly
focused on two categories: multiple oxide-stabilized
ZrO; and new materials [8—11]. To date, many kinds of
materials have been studied as promising ceramic topcoat
materials, such as RE,Zr,07 (RE = rare earth) [12—14],
mullite [15], RE,;SiOs [16], REPO4[17], RETi;AlyO19
[18,19], hexaaluminate [20], and perovskites [21].
Compared with the traditional material YSZ, these new
materials usually have better thermal stability and
lower thermal conductivities. However, YSZ still
cannot be completely replaced, as these new materials
always exhibit a low fracture toughness with a low
resistance to crack propagation throughout their service
lifetime. Recently, a new group of materials, which
includes RETaO4 and RENbO,, has been intensively
studied [22-25], and these materials have ferroelastic
characteristics similar to YSZ. It could offer an additional
high-temperature toughening mechanism, contributing
to a higher fracture toughness. However, these tantalates
and niobates always show a relatively high thermal
conductivity. Our recent work [26] has indicated that
RE;NbO; is a promising group of ceramic topcoat
materials, which has low thermal conductivities, high
thermal stability, and excellent oxygen resistance.
However, the low fracture toughness restricts the
application of the RE;NbO; series. Therefore, although
there have been numerous reports on the development
of new TBC materials, no single material aside from
YSZ that has all the desired attributes for the TBCs has
been reported, especially with balanced mechanical
and thermal properties.

In this paper, to combine the high mechanical
properties of RENbO, and good thermal properties of
RE;NbO;, we report quasi-binary GdNbO./Gd;NbO;,
composites for potential TBC applications based on the
coexistence region in the binary phase diagram of
Gd,0;5 and Nb,Os (Fig. S1 in the Electronic Supplementary

Material (ESM)). The fracture toughness of the
quasi-binary composites is not a simple average of the
two components, GANbO, and Gd;NbO;. Instead, a
30%—40% improvement over the value calculated by
the rule of mixtures is observed. The main reason for
such improvement is the residual tensile strain in the
quasi-binary compound, which activates more switching
of the ferroelastic domain, as evidenced by the enlarged
process zone and the increase in a crack deflection.
The quasi-binary composites also show a low thermal
conductivity of 1.6 W/(m-K) at 1073 K due to the
Gd;NbO; phase, in which the substantial chemical
inhomogeneity strongly diffuses phonons. In contrast
to other complex TBC materials whose compositions
deviate greatly in the thermal spray process, the
quasi-binary composites are synthesized in-situ from
binary Gd,03 and Nb,Os powders, which may provide
advantages in coating fabrication.

2 Experimental

The detailed sample preparation and measurements of
the properties of ceramic Gd;NbO;/GdNbO, composites
are described in the ESM.

3 Results and discussion

3.1 Phase composition

The XRD patterns of the Gd;NbO;/GdNbO,4 ceramic
composites are presented in Fig. 1. The symbols of C1,
C2, and C3 represent the samples with 30, 50, and 70
vol% of GANbO, content, respectively. Figure 1(a) shows
the XRD patterns of pure Gd;NbO; and GdNDbO,,
which are well matched with the standard JCPDS cards.
Gd;NbO; (0 vol%) exhibits a weberite-type structure
with the space group Ccmm, and GANbO,4 (100 vol%)
displays a fergusonite-type structure with the space
group I12(5). No additional phases are present; the only
diffraction peaks in the XRD patterns of the Gd;NbO/
GdNbO, ceramic composites are those corresponding
to Gd;NbO; and GdNbO,, indicating that a chemical
reaction between these two compounds did not occur.
With increasing GdNbO, content, the intensity of the
GdNbO, peaks in the composites increases gradually.
The XRD results reveal that the Gd;NbO;/GdNbO,
ceramic composites were synthesized successfully with
good phase compatibility.
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Fig.1 XRD patterns of Gd;NbO,/GdNbO, composites: (a) 26 ranging from 20° to 60° and (b) 26 ranging from 27° to 31°.

Figure 1(b) shows the XRD patterns in the range of
27°-31°. As the content of GdNbO, increases, the
peaks for GANbO, shift slightly to small angles, while
the peaks for Gd;NbO; shift to large angles. The
opposite shifts of the peaks are attributed to the stress
state within the ceramic composites, which are induced
by the mismatch of the coefficients of thermal
expansion (CTEs) between Gd;NbO; and GdNbO4
[27]. Herein, the tensile stress is generated in GANbO,,
which has a larger CTE, and paired compressive stress
is present in Gd;NbO7, which has a smaller CTE.

The scanning electron microscopy (SEM) micrograph
with the backscattered electron mode (BSE) of the
thermal-etched surface of the Gd;NbO;/GdNbO,
composites is shown in Fig. S2 in the ESM. Figures
S2(a)-S2(e) in the ESM show that the dense ceramics
with no observable pores were obtained. The Gd;NbO;
and GdNbO, grains were homogeneously mixed. The
average size of the Gd;NbO; grains decreased as a
function of the GdNbO, content due to the pinning
effect of the component phase particles. The detailed
analysis is shown in the ESM. The gradual evolution of
the biphasic microstructure could alter the interface
state, residual stresses within the grains, and crack
propagation path, which could greatly impact the
mechanical properties of the quasi- binary Gd;NbO7/
GdNbO,4 composites.

3.2 Fracture toughness

The fracture toughness of the Gd;NbO7;/GdNbO,
composites was measured by the single edge notch
beam (SENB) method shown in Fig. 2(a), and it increased
with increasing GANbO,4 content. Specifically, the pure
Gd;NbO; has a relatively low fracture toughness of

approximately 1.53+0.09 MPa-m”’, while GdNbO,
has a high fracture toughness of approximately 2.77+
0.29 MPa'm”’. The maximum value of the ceramic
composites was approximately 2.86+0.31 MPa-m” for
C3, which is much higher than those of most newly
reported TBC materials. The blue line in Fig. 2(a) is
the fracture toughness calculated by the rule of mixtures.
Clearly, all the measured values of fracture toughness
are larger than the calculated results. Compared with
the fracture toughness values obtained from the mixture
law, the real toughening values were corrected to be
33.65%, 39.84%, and 29.97% higher for C1, C2, and
C3, respectively. This result implies that additional
toughening mechanisms are involved in the ceramic
composites. It is widely acknowledged that the high
fracture toughness is beneficial for prolonging the
lifetime of TBCs. Although many new candidate TBC
materials have been reported to replace YSZ, such as
RE,Zr,07 [28], REsNbO; [26], RETa309 [29], REPO,4
[30], SI'ZI'O3 [21], and Ba(Mg1/3Ta2/3)O3 [31], the
toughness values are quite low, in the range of 1-2
MPa-m®® The high fracture toughness values in the
Gd;NbO,/GdNbO, quasi-binary composites suggest
that they are more resistant to the thermal mechanical
stress in service with a potential longer lifetime.

To better understand the toughening mechanisms,
the overall crack propagation of the ceramic composites
was closely investigated, as shown in Figs. 3(a)-3(e).
Figures 3(f)-3(k) present the specific crack propagation
corresponding to the potential toughening mechanisms,
which will be discussed in detail in Section 3.3.

3.3 Toughening mechanisms

According to the results discussed above, we can confirm
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that the fracture toughness of the ceramic composites was
significantly enhanced. According to the microstructure
of the composites and intrinsic properties of the
components, the potential toughening mechanisms may
include grain boundary toughening, ferroelastic toughening,
residual stress toughening, and the synergistic effects
of these mechanisms.

3.3.1 Grain boundary toughening

The grain boundary toughening of the Gd;NbO7/GdNbO,4
composites comes from the refinement of grain size
and the switch from the transgranular fracture mode to
the intergranular mode. In the pure Gd;NbO;, only the

transgranular crack was observed. With the addition of
GdNbO,, although the transgranular fracture still
dominated the crack propagation of C1 (Fig. 3(b)), the
crack bridging and intergranular fracture occurred
during the crack propagation. As the GANbO,4 content
was increased to 50 vol%, the transgranular fracture no
longer dominated the crack propagation of C2. More
intergranular fracture was observed, as shown in Fig.
3(c). When the GANbO,4 content was further increased
to 70 vol%, more toughening mechanisms that could
consume more fracture energy occurred. In Fig. 3(d),
in addition to the crack bridging and intergranular
fracture, the crack deflection and wing crack are also
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observed. Moreover, reversed crack propagation, which
occurs in the opposite direction of the propagation path
of the main crack, was also observed. Such reversed
crack is related to the crack bridging. In the preliminary
stage of crack bridging, the propagation of the primary
crack is impeded by the friction between grains, and
the secondary crack develops. With the growth of
secondary crack, the friction falls off. The primary crack
grows and part of the secondary crack closes. The reversed
crack is formed. A similar phenomenon was also found
in Rodel’s research [32]. The crack propagation of pure
GdNbOy, as shown in Fig. 3(e), is inclined to the
intergranular fracture, which was discussed in our prior
study [33]. The crack mode switched primarily due to
the weakened interface between the dissimilar Gd;NbO,
and GdNbO, phases. While the length of crack
propagation increased with more intergranular modes,
the weakened interface energy may have resulted in a
limited contribution to the enhancement of fracture
toughness.

3.3.2 Ferroelastic toughening

In addition to the intergranular crack, the crack deflection
also appeared inside the grains due to the presence of
ferroelastic GANbO,4 phases. The AFM images of the
Gd;NbO7/GdNbO, composites shown in Fig. 4 exhibit
different features of GANbO, and Gd;NbO; grains. In
Fig. 4(a), a crack propagates through the GANbO, grains
and then propagates along with the Gd;NbO7/GdNbO4
interface. The GANbO, grains on the upper side of the
crack have strip-like patterns regarded as ferroelastic
domains, while the Gd;NbO; grains on the lower left
has a smooth surface. The ferroelastic domains in the
GdNbO, grains next to the crack switched, enabling

Crack bifurcation

them to consume more crack propagation energy to
improve the fracture toughness. The related toughening
mechanisms, including the crack bifurcation, crack
bridging, crack deflection, and domain switching, can
be observed in Figs. 4(a) and 4(b), with some of these
corresponding to the crack propagation shown in Figs.
3(g) and 3(k).

The ferroelastic toughening can be easily understood
through the domain state change under an external
force. In perfect grains, the ferroelastic domains are
evenly arranged with similar widths under no external
force. Once encountering an external force, the domain
state can change, not only through domain switching
but also through the variation of domain density and
domain width. All the above-mentioned variations in
the domains can be easily observed in Figs. 4(a) and
4(b). The crack along the Gd;NbO;/GdNbO, interface
in Fig. 4(a) reveals that the domain switching occurred
next to the crack, and the domain density and width
variation occurred away from the crack. The tensile
stress normal to the direction of the crack propagation
is present around the crack tip area. The tensile stress
plays a key role in the shear stress, which can trigger
the domain switching. When the shear stress exceeds
the threshold, the domains start to switch to a direction
that depends on the relative direction of ferroelastic
domains to the crack propagation. The crack
propagation within the GANbO, grains also leads to the
variation of domain density and width, which results
in the crack bifurcation and deflection. As shown in
Fig. 4(b), the variation in the domain state can also lead
to the crack bridging during the propagation. In addition
to these toughening mechanisms, the reversed crack
propagation was also observed in C3, which is not

12.4 nm

-8.1

Fig. 4 AFM images around crack in Gd;NbO,/GdNbO, composites: (a) domain state observed by AFM and (b) crack bridging

and deflection within the GANbO, grains.
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determined by a single toughening mechanism, possibly
because the domain switching and weak bonding
strength between the grains changed the propagation
route. The variation in the domain state could absorb
the crack propagation energy around the crack tip area
to prevent the crack propagation, consequently improving
the fracture toughness of the Gd;NbO7/GdNbO,4 composites.

3.3.3 Residual stress toughening

The stress state of the ceramic Gd;NbO;/GdNbO,
composites is complicated due to the CTE mismatch
when cooled from the fabrication temperature. In this
work, the average CTEs of Gd;NbO; and GdNbO4
were calculated to be 9.3x10° and 10.1x10° K/,
respectively, based on the measured CTEs. Thus, the
paired compressive and tensile stress were generated
within the Gd;NbO; matrix and component phase
GdNbOy, respectively. The XRD analysis, which could
measure the stress of an arbitrary direction in a small
area through the sin’y method, was used to measure
the thermal residual stress [34,35]. The schematic
diagram is shown in Fig. 5(a). The residual stress can
be quantified by Eq. (1) [36]:

od
% =[ Z ji 5 (1)
1+v)d, 6sin2y/

is the residual stress, £ is the Young’s

where o,

modulus, v is the Poisson’s ratio, dj is the interplanar
spacing in the free stress, and d,, is the interplanar
spacing measured in the direction defined by ¢ and .
The angel of y was selected in a range of 0°-30°, and
20 was selected in a range of 69.5°-72.0° for Gd;NbO;,
and 50°-53° for GANbO, to evaluate the residual stress
of the Gd;NbO;/GdNbO4 composites. The paired
compressive and tensile stresses are plotted in Fig. 5(b)

(a)

(b)

based on the values of the parameters shown in Fig.
2(b) and the relationship between d,, and sin’y
calculated by the XRD analysis. The value of the strain
near the interface between two phases is decided by the
mismatch of CETs, and decreases with the increase of
the distance from the interface. Theoretically, the
tensile stress within the GdNbO, grains decreases with
increasing GdNbO,4 content, while the compressive
stress within the Gd;NbO; grains continuously increases.
However, the compressive stress within the Gd;NbO;,
grains increases firstly and then decreases in Fig. 5(b).
One reason is the large error bar shown in the figure. If
the error bar is considered, the compressive stress in
Gd;NbO; in the C2 sample is in fact comparable to the
value in the C3 sample. The other reason is that with
increasing GdNbO, content, the ferroelastic transition
in GdANbO, could alleviate the internal strain, with a
reduction of internal stress values [37,38]. Therefore,
the stress value in Gd;NbO; in the C3 sample with
more GdNbO, content could be somewhat smaller than
expected.

Mode I crack or opening crack is the most main and
most dangerous fracture mode under in-plane loading
in fracture mechanics [39]. In Mode I crack, the
movement trend of crack surfaces is perpendicular to
the crack line, and the crack propagation is directly
related to the tensile stress perpendicular to the crack
surface. In the C1 samples with a high content of
Gd;NbO7, the compressive stress will offset the influence
of the applied load when the crack tip propagates into
the Gd;NbO; phase. In the C3 samples, Gd;NbO; acts
as the second phase. The crack tends to bypass the
Gd;NbO; grains under the influence of compressive
stress, and the crack deflection and bridging occur [40].
Therefore, the compressive stress in the Gd;NbO;

3
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Fig. 5 XRD residual stress measurement: (a) schematic diagram and (b) calculated residual compressive stress and tensile

stress within Gd;NbO;, and GANbO,.
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phase could increase the fracture toughness. The influence
of tensile stress is the opposite. However, in the
ferroelastic materials, the tensile stress may have an
entirely different effect. The ferroelastic domains are
highly labile in tensile stress fields with a lower energy
barrier for the domain switching [41]. As a result, the
domain state changes more easily under an external
force. Compared with those in our previous research,
the Gd;NbO;/GdNbO, composites presented a wider
process zone under the same experimental conditions,
as shown in Fig. 6. This result indicates that more
domain states in the stress field of the crack tip change,
and the resistance of the crack propagation is further
enhanced. The crack shown in Figs. 3(d) and 6(b)
exhibit a zigzag shape with more crack deflection,
demonstrating that more ferroelastic domain switching is
activated with the assistance of tensile stress. Therefore,
in the Gd;NbO7/ GANbO,4 composites, the compressive
stress in the Gd;NbO; grains and the tensile stress in
the GdANbO,; grains both improved the fracture
toughness of the materials.

3.4 Thermal conductivity

The thermal conductivities of the Gd;NbO;/GdNbO,

Crack bifurcation
==
500 nm 8.3

7.4 nm

composites were calculated by Eq. (S2) in the ESM,
and the results are shown in Fig. 7(a). The thermal
conductivities of pure Gd;NbO; and GdANbO, displayed
different variation tendencies at elevated temperatures.
Gd;NbO; exhibited glass-like thermal conductivities
that increased slightly with increasing temperature,
while GANbO, exhibited a traditional thermal conductivity
of crystalline materials following the 1/7 law. The thermal
conductivities of the ceramic composites were between
those of the two pure materials. Specifically, the thermal
conductivities of the ceramic composites increased
with increasing GdNbO, content over the measured
temperature range. C1 exhibited the lowest value of
approximately 1.54 W/(m'K) at 800 C, which was even
slightly lower than that of Gd;NbO; (1.56 W/(m-K) at
800 °C). Moreover, the characteristics of the crystalline
thermal conductivities of ceramic composites became
more obvious with increasing GANbO, content. There
was an apparent thermal conductivity interval between
C2 and C3 at 800 °C. The thermal conductivities of C1
and C2 are very close to that of Gd;NbO, indicating
that the introduction of the strengthening phase did not
degrade their thermal insulation properties at a high
temperature. Compared with the thermal conductivity

=

£
\ T

Crack deflection

Fig. 6 Comparison of domain switching: (a) domain state of Gd;NbO;/GdNbO, composites observed by AFM; (b) crack
deflection within the GANbO, grains of Gd;NbO,/GdNbO, composites; (c) ferroelastic domain state in pure GANbO, [33]; and

(d) less crack deflection in pure GANbO,.
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of 8YSZ (2.7 W/(m-K), at 800 C [42]), the thermal
conductivities of all the above mentioned materials are
much lower than that of 8YSZ. Meanwhile, they are
also lower than those of many new TBC materials
reported in literature, such as SrZrO; [21], REPO, [30],
RETa309 [29], Ba(Mg1/3Ta2/3)O3 [31], ansIl207 [43],
szZI‘zO7 [44], and RE2C6207 [45]

The thermal conductivities of Gd;NbO,/GdNbO,
composites are mainly determined by the phonon
scattering that relates to the mean free path of the phonon.
Two main factors affect the phonon mean free path:
intrinsic phonon scattering and phonon-imperfection
scattering. The total phonon scattering can then be
described by using Eq. (2) [46]:

1 1 1 1

= + +— 2)
(o,T) (o) I[(0) I

where [(®,T), [,(®), and I, represent the mean
free path of the phonon derived from the intrinsic
scattering, the point defect scattering, and the boundary
scattering, respectively. As the grain size is several
orders of magnitude larger than that of the mean free
path of the phonon, the scattering caused by
phonon-grain boundaries can be neglected. Thus, the
thermal conductivities of Gd;NbO;/GdNbO, composites
are dominated by the scattering caused by the intrinsic
characteristics and point defects. Previous work [26,47]
based on the series of RE;NbO; (RE = rare earth) has
proven that the point defects in Gd;NbO;, including
cation antisite defects and oxygen vacancies, lead to
intense phonon scattering. Moreover, the large intrinsic
chemical inhomogeneity of rare-earth niobates (RE;NbOy),
in terms of the charge disorder and fluctuation of bonding
length, which we have already illustrated in another

work, can also cause intense phonon scattering [48]. As
a result of the point defects and substantial chemical
inhomogeneity, the scattering of vibrational modes is
maximized, leading to lower thermal conductivities of
ceramic composites.

The effective medium theory (EMT) and Green’s
function technique are usually used to predict the
properties of composite materials. In this work, the
M-G model (Eq. (3)) was used to evaluate the thermal
conductivities of the ceramic composites [49]:

=V 3)

Ky, + 2K

K+ 2K

where «x , k; , and x, represent the thermal
conductivities of the ceramic composites, Gd;NbO;
matrix, and GANbO,, respectively, and V' is the volume
fraction of GANbO,. The M-G model results are
plotted in Fig. 7(b) and have a variation tendency
similar to those of the measured thermal conductivities.
All the experimental values are lower than the
calculated values. It can be concluded that the ceramic
composites, especially C1 and C2, have better thermal
insulation properties than YSZ, making them beneficial
for further application as new TBC materials.

3.5 Coefficients of thermal expansion

The deformation variation and CTEs of the Gd;NbO,/
GdNbO,4 composites are plotted in Figs. 8(a) and 8(b).
The CTEs of GdNbO, exhibit discontinuous variation,
which has an abnormal decrease at 800 ‘C due to the
phase transformation from the monoclinic phase to the
tetragonal phase. The phase transition of GdNbO, is
different from that of YSZ which is a first-order phase
transition and generates sudden volume change. The
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abrupt variation of volume will introduce extra stress
to harm the thermal cycling lifetime of the thermal
barrier coating [50]. In contrast, the phase transition of
GdNbOy is a second-order phase transition, which has
no abrupt volume change or extra stress [51]. Therefore,
there is no harm in the thermal cycling lifetime of TBC.
Such phase transition is reversible that the phase
recovers when the temperature is lower than the phase-
transition temperature. The CTEs of the Gd;NbO;/
GdNbO,4 composites increase with increasing GANbO4
content below 1000 C, as shown in Fig. 8(c). Above
1000 °C, the CTEs of tetragonal-GdNbO, lead to a
decrease in the CTEs of the Gd;NbO;/GdNbO,
composites. Moreover, the CTEs of the Gd;NbO;/
GdNbO, composites gradually exhibit similar features
to those of GANbO,, which show discontinuous variation
at elevated temperatures with increasing GdNbO,
content. The CTEs of Gd;NbO;/GdNbO4 composites
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are in the range of 8.7x10°~10.3x10® K™!, which is
comparable to those of YSZ (10.0x10 °-10.5x10 ° K",
at 200-800 C) [42].

Several factors affect the CTEs of composite materials,
including the crystal structure, imperfections, phase
transformations, and thermal stresses. Assuming that
there is no crack inside the samples and only uniform
hydrostatic stresses exist in each phase, then the CTEs
of the composites can be evaluated by Eq. (4):

z ;B F;
p.
A=—1—
Pi
where ¢;, B;, F;, and p, are the CTEs, the bulk
modulus, the mass fraction, and the density of the ith
phase in the composite, respectively. B can be
calculated by Eq. (5):

(b)
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Fig. 8 Thermal expansion properties of Gd;NbO;/GdNbO, composites: (a) deformation variation and (b) measured CTEs.
(c) CTEs as a function of GANbO, content and (d) calculated CTEs.
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where £ and u are the Young’s modulus and the
Poisson’s ratio of each phase, respectively. Figures 8(b)
and 8(d) show that the measured CTEs of the Gd;NbO/
GdNbO, composites have variation tendencies similar
to those of the calculated CTEs, which increase with
increasing GdNbO,4 content. The calculated CTEs are
somewhat lower than the measured CTEs because the
calculation is carried out under relatively ideal conditions.
Figure 8(c) shows that the CTEs for Gd;NbO, C1, and
C2 increase monotonically with increasing temperature. In
this research, when the GANbO, content is above 50
vol%, the CTEs of the ceramic composites do not
increase monotonically at elevated temperatures. This
finding may be due to either the suppression of phase
transformation or the thermal expansion and volume
variation, which counteract each other in the
Gd;NbO,/GdNbO, composites with lower GdANbO,
contents. The CTEs of the Gd;NbO7/GdNbO, composites
are comparable to that of 8YSZ, indicating that the
composites may have a small thermal stress and long
thermal cycling life.

3.6 Balanced mechanical and thermal properties

As the thermal conductivity and fracture toughness are
considered the key thermal and mechanical properties
of the TBC materials, a comparison between these two
properties in this work and works from the literature is
shown in Fig. 9. As the selection criteria of the TBC
materials mostly rely on the low thermal conductivity
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o
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Thermal conductivity (W/(m-K))

Fig. 9  Comparison of fracture toughness (room
temperature) and thermal conductivity (800 C) between
Gd;NbO7/GdNbO,4 composites and part of representative
new materials as ceramic topcoat materials.

for the thermal insulation and the high fracture
toughness for long cycling life, the materials in the
upper left area in Fig. 9 are preferred for the TBCs.
Compared with those reported in the representative
reference works including both single-phase and
composite materials, such as RE,Zr,0; [12-14],
RE;NbO; [26], RETa;09 [29], REPO, [17], StZrO5 [21],
Ba(Mg1/3Ta2/3)O3 [31], LaPO4—LaZZr207 [49], etc., the
quasi-binary Gd;NbO;/GdNbO,4 composites in this
work are much closer to the upper left area. Although
RE,Zr,0; and RE;NbO; as potential topcoat materials
have a lower thermal conductivity, the weakness of
fracture toughness influences their locations in Fig. 9.
C2 and C3 have the best overall properties with balanced
thermal conductivity and toughness.

4 Conclusions

This paper reports the quasi-binary GANbO,/Gd;NbO,
composites with balanced thermal and mechanical
properties as a novel thermal barrier coating material.
The quasi-binary composites show an enhanced
fracture toughness, as the residual stress facilitates the
ferroelastic domain switching, which is evidenced by
the enlarged process zone and the increase in the crack
deflection. The quasi-binary composites also show a
low thermal conductivity due to the Gd;NbO; phase, in
which the large chemical inhomogeneity diffuses the
phonons. As a result, Gd;NbO;/GdNbO, exhibits a
balanced thermal conductivity of 1.6 W/(m-K) at 1073
K and a fracture toughness value of 2.76 MPa-m’”,
which are among the best comprehensive properties
that have been observed in new TBC materials. This
quasi-binary composite can be synthesized in-situ from
the Gd,03 and Nb,Os powders, thereby facilitating the
fabrication of coatings through the thermal spray
processing. The work demonstrates that the quasi-binary
approach could be feasible for designing a novel
material with the comprehensive properties required
for the high-temperature TBCs.
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