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Abstract: Rare-earth tantalates (RETaO4) are considered as a type of emerging thermal
barrier coating materials applied to the hot components of gas turbines and aerospace
engines due to their excellent thermal stability, high-temperature fracture toughness, cor-
rosion resistance and extremely low thermal conductivity. However, the relatively low
hardness and thermal expansion coefficients may limit their service lifetime in a harsh
engine environment. To address the current limitation of rare-earth tantalates and further
optimize the mechanical and thermal properties, the defective fluorite-structured Y,Zr,O7
(YZ) was introduced as a second phase into the YTaOy4 (YT) matrix to form YT;_,—YZy
(x=0,0.25,0.5, 0.75, 1) composite ceramics in this work. The mechanical and thermal
properties of YT1_,—YZ, composite ceramics are significantly improved compared to pure-
phase YTaOy ceramics. The Vickers hardness of YT1_y—YZ, (x = 0.25, 0.5, 0.75) composite
ceramics is 9.1~11.3 GPa, which are 2~2.5 times higher than that of YTaO4 (4.5 GPa). Among
them, YT 75-YZ 25 exhibits a maximum fracture toughness (3.7 & 0.5 MPa-m'/2), achieving
a 23% improvement compared to YTaOy (3.0 & 0.23 MPa-m'/?) and a 118% improvement
compared to Y,Zr,O7 (1.73 £ 0.28 MPa-m!/2). The enhancement is attributed to the combined
effect of the intrinsic strengthening of the second phase, as well as the residual stress and grain
refinement caused by the introduction of a second phase. Additionally, the thermal expan-
sion coefficients of YT;_4—YZ, composite ceramics at 1673 K range from 10.3 x 10_4 K1 to
11.0 x 10_¢ K~1, which is also higher than that of YTaOy (10.0 x 1070 K. Consequently, the
superior mechanical and thermal properties indicate that YT-YZ composite ceramics possess
promising application prospects for thermal barrier coatings.

Keywords: thermal barrier coatings; rare-earth tantalates; composite ceramics; strengthening
mechanism; mechanical and thermal properties

1. Introduction

Thermal barrier coating (TBC) materials are essential for modern aircrafts and gas turbine
engines to protect the hot components from high-temperature combustion damage and improve
the service temperature and fuel efficiency [14]. In general, the key criteria for evaluating
TBC materials are their thermal insulation performance and service lifetime [5-7]. The thermal
insulation performance of TBC materials is closely related to the thermal conductivity, i.e., a
lower thermal conductivity leads to better insulation and thereby significantly reduces the
surface temperature of the alloy substrate. On the other hand, the intrinsic properties, such
as hardness, fracture toughness, thermal expansion coefficient (TEC) and high-temperature
stability of TBC materials directly affect their service lifetime in extreme environments [8,9].
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High hardness and fracture toughness are beneficial for resisting the damage caused by external
particle impacts, minimizing crack initiation and propagation, protecting the coating’s integrity,
and thus extends the service lifetime [10-12]. The current TBC system consists of a ceramic
topcoat and a bond coat [13]. The bond coat, which is in direct contact with the ceramic layer, is
most commonly a Ni-based alloy, which enhances the bonding strength between the ceramic
layer and the substrate. The thermal expansion coefficient compatibility between the bond
coat and the ceramic layer is a key factor for the service lifetime, because good compatibility
can reduce the thermal stresses between the ceramic layer and the bond coat [11,14,15]. In
addition, TBC materials cannot undergo phase transitions or decomposition in high-temperature
environments, which requires the TBC materials to possess excellent thermal stability [16].
Overall, low thermal conductivity, matched TEC with the bond alloy, good mechanical properties
and thermal stability are priorities when selecting TBC materials [4].

Currently, the most widely used ceramic topcoat material for TBCs is yttria-stabilized
zirconia (YSZ) for its superior mechanical and thermal physical properties, such as excellent
fracture toughness, high thermal expansion coefficient and low thermal conductivity [17-19].
However, YSZ undergoes a phase transformation from the metastable tetragonal phase to the
tetragonal structure when the service temperature is above 1473 K and reverses back to the
monoclinic phase upon cooling with a sudden volume change in the range of 3-5%, which
results in significant internal stress in the coatings and ultimately coating spallation [20]. In
order to improve the working temperature of TBCs, several types of candidate materials
with better thermal stability have been proposed in recent years, including RE;Zr,Oy, REPOy,
RE;SiOs and RETaOy [14,6,7,21]. Among these materials, rare-earth tantalates (RETaOy)
are a type of emerging TBC material with higher service temperatures (above 1673 K) and
lower thermal conductivity (3.94-1.40 W-m~1.K~! at 373-1173 K) [7]. More importantly, the
fracture toughness of RETaOy (2.4-3.8 MPa-m!/?) is significantly higher than that of other
candidate materials due to the ferroelastic domains switching the toughening effect [22].
When RETaOy ceramics are subjected to external loads, the ferroelastic domains that are
randomly distributed in the grains of RETaO, switch to a direction that is parallel to the
applied load. This ferroelastic domain switching provides an additional channel to the
crack energy dissipation and thus results in a toughening effect [23]. However, the hardness
and thermal expansion coefficients of RETaOy are relatively low compared to YSZ, which
is not conductive to the long-term service of RETaOy coatings in the engine environments
that require withstanding high-speed particle impacts and strong thermal shocks [24,25].
Unfortunately, the previous investigations of RETaO, materials mainly concentrate on the
enhancement of the fracture toughness and the suppression of the thermal conduction; few
studies focus on the regulation of hardness and thermal expansion coefficients that are closely
related to the service lifetime of TBCs. Numerous results indicate that introducing a second
phase with a high thermal expansion coefficient and hardness can effectively improve the
comprehensive properties of the matrix materials [26-30]. For example, Wang et al. reported
a kind of rare-earth tantalate (Y;,5Ybs,6TaOy4) ceramic enhanced by introducing 8YSZ as a
second phase, which exhibits higher toughness and lower thermal conductivity compared
to single-phase rare-earth tantalates [31]. Nevertheless, due to the limitation of the phase
stability temperature of YSZ, this composite ceramic strengthened by introducing YSZ may
not be capable of long-term service at higher temperatures. Compared to YSZ, rare-earth
zirconate (RE;Zr,0y) is a class of TBC candidate material that possesses higher thermal
stability and outstanding mechanical properties, which can be considered as an ideal second-
phase matrix to form YT;_,—YZ, (x represents the volume ratios of the YZ phase in the
composite ceramics, which are 0, 0.25, 0.5, 0.75, and 1) composite ceramics in this work. The
YT-YZ composite ceramics exhibit enhanced hardness (9.1-11.3 GPa), fracture toughness
(1.8-3.7 MPa-m'/2) and higher TECs (10.3-11 x 10_4 K~1) compared with single-phase YTaO,
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and Y,Zr;Oy. The multiple mechanisms, including the intrinsic properties of the second
phase, residual stress and grain refinement caused by the introduction of the second phase
that synergistically affect the mechanical and thermal properties of the composite ceramics, are
comprehensively investigated.

2. Experiments and Methods
2.1. Synthesis and Densification

The YT (YTaO4) and YZ (Y,Zr,Oy) powders were synthesized by using a solid-state
reaction method. Firstly, the raw materials, Y,03, TayOs and ZrO, powders (purity 99.99%,
Aladdin Biochemical Technology Co., Ltd., Shanghai, China), were mixed in the stoichio-
metric ratio of the target products. The mixture was then placed in a ball mill jar and ball
milled at a speed of 350 rpm for 24 h in anhydrous ethanol. After ball milling, the mixture
was dried in an oven at 393 K for 48 h to obtain mixed powders. The mixed powders
were then calcined in a mulffle furnace at 1823 K for 6 h to obtain YT and YZ powders. To
prepare the composite ceramics, the as-synthesized YT and YZ powders in different volume
ratios were mixed by ball milling first. The mixed powders, as well as the individual YT
and YZ powders, were then placed into a 15 mm-diameter die mold. A uniaxial press
and a cold isostatic press were successively used to apply the pressures of 240 MPa and
400 MPa, respectively, to form disc-shaped samples with a thickness of 2 mm. The disc-
shaped samples were sintered in a furnace at 1973 K for 4 h to obtain YT;_-YZ, (x = 0.25,
0.5, 0.75) composite ceramics as well as the single-phase YT and YZ ceramics.

2.2. Phase Composition and Microstructure Characterization

The phase composition was determined by using an X-ray diffraction device (XRD,
MiniFlex 600, Rigaku, Tokyo, Japan) with a step of 0.02° at a scanning rate of 5°/min.
A scanning electron microscope (SEM, Apreo-2-S, Thermo Fisher, Waltham, MA, USA)
equipped with an energy dispersive spectrometer (EDS, Ultim-MAX-65, Oxford Instru-
ments, Oxford, UK) was used to observe the microstructure of the samples. Prior to the
SEM observation, the YT;_4—YZ, (x =0, 0.25, 0.5, 0.75, 1) ceramic blocks were polished and
received treatment at 1773 K for 4 h to make the grain boundaries clear.

2.3. Mechanical Properties

The elastic modulus measurement was performed via the ultrasonic reflection method
by using an ultrasonic reflection device (UMS-100, Teclab, Tassin-la-Demi-Lune, France).
During the measurement, a transverse wave transducer (probe frequency: 5 MHz, excitation
voltage: 50 V) and a longitudinal wave transducer (probe frequency: 20 MHz, excitation
voltage: 200 V) were utilized to measure the transverse sound velocity (V1) and longitudinal
sound velocity (V1) of the samples. The mean acoustic velocity (V), Young’s modulus
(E) and Poisson’s ratio (v) were calculated based on Vi, and VT based on the following
equation [32]:
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The measurements of Vi, and V were repeated three times, and the average values
were used for the calculation. The shear modulus (G) and bulk modulus (B) were obtained
by the following relationships [32]:

E

C=2010) @

E
B= 3(1—2v) ©)

Since the sintered bulk specimens are not fully dense, the Young’s modulus of the
fully dense materials (E’) is corrected by the following equation to eliminate the effect of
residual micro-pores [33]:

E'=E(1-P) (6)

where P is the porosity of the specimens, E is the experimental Young’s modulus of the specimens.

The Vickers hardness (Hy) and fracture toughness (Kjc) were measured by using a
Vickers hardness tester (HMV-G-FA, Shimadzu, Japan). The schematic diagram of Vickers
hardness and fracture toughness measurements by the Vickers indentation is shown in
Figure 1. The measured surfaces of the samples were mounted and polished to achieve a
smooth and mirror-like surface. The indentation load was set to 9.8 N with a holding time
of 15 s. The Vickers hardness (Hy) was calculated by using the following equation [34]:

H, = 0.464F /d? (7)

where F is the indentation load and d is half of the indentation diagonal length. The
calculation of the fracture toughness (Kjc) is based on the indentation of the Vickers
hardness measurement, which is obtained by the following equation [34]:

E > F
\'

where c represents half the crack length and E is Young’s modulus.
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Figure 1. Schematic diagram of Vickers hardness and fracture toughness measurement by the Vickers
indentation, a is the indentation diagonal length, c is the indentation diagonal crack length.
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2.4. Thermal Properties

The thermal expansion coefficient of the samples was measured by using a horizontal
push-rod dilatometer (DIL 402, Netzsch, Selb, Germany) at a heating rate of 5 K/min in
a temperature range of 298-1673 K. Before the measurement, the samples were cut and
polished into strips with dimensions of 9 mm x 2 mm x 1 mm. The thermal expansion
coefficient was calculated by using the following equation:

AL
fTT-nL ©)
where AL represents the change in the sample length, L is the sample length at room
temperature, T is the room temperature (298 K) and T is the measurement temperature.

Since the thermal expansion coefficient between the dual phases was different, a
residual stress was generated in YZ and YT upon cooling from the sintering temperature
(1973 K) to room temperature. The residual stress in YT and YZ of dual-phase ceramics is
calculated as [35-37]:

op 201 —x)B(ap —am)(Tr — Tp) (10)
Ew (1=x)(B+2)(1+vm)+3Bx(1—vy)
Im _ Zxﬁ(ap - ‘Xm) (T, — Tp) (11)
Enw (1—x)(B+2)(1+vm)+3Bx(1—vy)
1+v, E
B=1 _ZVpé (12)

where 0p, 0m and Ep, Ep are the thermal residual stresses in the second-phase particles
and matrix, respectively, and x, v, Ty, Tp, « and E represent the volume fraction of the
second phase, Poisson’s ratio, measurement temperature, sintering temperature, thermal
expansion coefficient and elastic modulus, respectively.

The thermal diffusivity (A) was measured by using a laser flash thermal analysis
instrument (LFA457, Netzsch, Germany) in an argon atmosphere within a temperature
range of 298-1173 K. Before the measurement, the samples were cut and polished into
circular discs with a diameter of 6 mm and a thickness of 1 mm £ 0.1 mm. To ensure
maximum energy transfer during the laser flash method, the surface of the samples was
coated with carbon. To minimize measurement errors, three laser shots were performed at
each temperature point, and the average value was calculated. The thermal conductivity
(k) was calculated from the thermal diffusivity (A) according to the following equation [38]:

k=AxCpxp (13)

where Cp, represents the specific heat capacity, which is calculated using the Neumann-—
Kopp rule [39], and p denotes the sample density.

In Equation (13), the effect of the sample’s porosity on the thermal conductivity was
not considered. To ensure the accuracy of the thermal conductivity, a correction formula

was applied [40]:
k
_3
2

ko = (14)

where ¢ represents the porosity of the sample and kj is the intrinsic thermal conductivity
of a fully dense sample.
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3. Results

3.1. Phase Composition and Microstructure Analysis

Figure 2a shows the XRD patterns of YT1_,—YZ, (x =0, 0.25, 0.5, 0.75, 1) composite
ceramics sintered at 1973 K for 4 h. The XRD patterns reveal that there are no additional
peaks apart from the YT and YZ phases, indicating that the composite ceramics were
synthesized successfully, and the YT and YZ phases have excellent chemical compatibility
within 1973 K. Significantly, the XRD pattern of the YT(5-YZg 75 sample only displays
diffraction peaks of YZ, which is due to the solid solution reaction that occurred between YZ
and YT at a high temperature. Upon increasing the YT content, the diffraction peaks of the
YT phase appear and gradually strengthen. Another example of the solid solution reaction
comes from the corresponding magnified XRD patterns (27° < 20 < 32°) in Figure 2b. It
can be seen that the diffraction peaks of the YZ phase in the YTx-YZ;_, (x = 0.25, 0.5, 0.75)
composite samples shift toward a higher diffraction angle direction when compared to the
single-phase YZ sample. According to Bragg’s equation, this shift of the diffraction angles
is attributed to the change in the interplanar spacing, where a higher angle shift represents
a lattice contraction while a lower angle shift implies a lattice expansion [41]. Since the
ionic radius of Ta®* (0.64 A) is smaller than that of Zr** (0.72 A), the interplanar spacing of
YZ tends to shrink when the Zr** in the crystal structure of the YZ phase is replaced by the
Ta>" in the YT phase.

@ Ty (b)

Y,Zr,0,

YTy 257 YZy 15

YTys-YZy5

Intensity (a.u.)
Intensity (a.u.)

YTaO,

11 n.illl.n.. s i

10 20 30 40 50 60 70 80 27 28 29 30 31 32
2-Theta (Degree) 2-Theta (Degree)

Figure 2. (a) X-ray diffraction (XRD) patterns of YT;_,—YZ, (x = 0, 0.25, 0.5, 0.75, 1) composite
ceramics; (b) the corresponding magnified diffraction patterns (27° < 2-Theta < 32°).

Figure 3 shows the backscattered electron (BSE) images and the corresponding EDS
mappings for YT1_-YZ, (x =0, 0.25, 0.5, 0.75, 1) composite ceramics. Due to the significant
atomic weight difference between Ta (180.95 g/mol) and Zr (91.22 g/mol), the contrast
between YT and YZ grains in the BSE images is obvious, where YT grains appear lighter in
color, while YZ grains appear darker. It can be seen that the YT and YZ grains in Figure 3b,c
are uniformly distributed, indicating that YZ is successfully introduced as the second
phase into the YT matrix phase. In addition, Figure 3d shows that Zr and Ta elements
are uniformly distributed in every grain of the YT(25-YZ( 75 sample and there is only one
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phase that can be identified, further confirming that a solid solution reaction occurred be-
tween YT and YZ, which is consistent with the results of the XRD analysis. Figure 4 shows
the surface morphologies of YT1_4—YZ, (x =0, 0.25, 0.5, 0.75, 1) composite ceramics ob-
served by the secondary electron imaging mode of SEM. It can be seen that the YT;_,—YZy
(x=0.25, 0.5, 0.75) composite ceramics exhibit varying degrees of grain refinement com-
pared to the single-phase YT and YZ ceramics, which is attributed to the mutual grain-
boundary pinning effect of composite ceramics [42]. To quantitatively describe the degree
of grain refinement, the grain size distributions of the samples were statistically counted
and the results are presented in Figure 5. The average grain sizes of single-phase YT and
YZ are 15.08 and 4.59 pum, respectively. In contrast, the average grain size of the YT1_-YZy
(x=0.25, 0.5, 0.75) composite ceramics is as low as 2.10-2.94 um, representing an 81-86%
reduction compared to the single-phase YT ceramic. This significant grain refinement

indicates that the composite ceramics are expected to possess strengthened mechanical
properties due to the Hall-Petch effect [43,44].

Figure 3. Backscattered electron (BSE) images and the corresponding EDS mappings of YT;_,—YZ, (x=0,
0.25,0.5,0.75, 1) Composite ceramics: (a) YT; (b) YTO.ZS_YZO.75; (C) YTO.5—YZO.5; (d) YTO_75—YZ()_25; (e) YZ.

L Bl oyt B - : 4 s L 3 PP T i gy ¢

Figure 4. Surface morphologies of YT_—YZ, (x = 0, 0.25, 0.5, 0.75, 1) composite ceramics observed
by the secondary electron imaging mode of SEM: (a) YT; (b) enlarged image of YT grains in Figure 3a;
(0) YTo.75-YZg25; (d) YTo5-YZ0s5; (€) YTo.25-YZo75; (f) YZ.
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Figure 5. Grain size distributions of YT;_,—YZy (x = 0, 0.25, 0.5, 0.75, 1) composite ceramics:
(a) average grain size of the composite ceramics; (b) YT, (¢) YTo75-YZg25; (d) YTo5-YZg5;
(€) YTo.25-YZo 75; (f) YZ.
3.2. Mechanical Property Analysis
Table 1 exhibits the sound velocities (V1, V1, V), Young’s modulus (E), shear modulus
(G), bulk modulus (B) and Poisson’s ratio (v) of YT1_x—YZ (x =0, 0.25, 0.5, 0.75, 1) composite
ceramics. As the YZ content increases from 0 to 1, the mean acoustic velocity (Vi) of YT1_x—YZx
increases from 2948 m/s to 4544 m/s. The increased sound velocity represents an increase in the
strength of chemical bonds, which also implies the strengthening of the elastic modulus. Thus,
the Young’s modulus (E), shear modulus (G) and bulk modulus (B) of the composite ceramics
present a gradually increasing tendency with the increase in the YZ content, as exhibited in
Figure 6. It is worth noting that the YT(25-YZ 75 sample exhibits the highest elastic modulus,
which is even higher than that of the single-phase YZ.
Table 1. Sound velocities (V1,, VT, V), Young’s modulus (E), shear modulus (G), bulk modulus (B)
and Poisson’s ratio (v) of YT1_4-YZy (x =0, 0.25, 0.5, 0.75, 1) composite ceramics.
Compounds Vi (ms—1) Vr (ms1) VM (ms—1) E (GPa) G (GPa) B (GPa) v
YT 5225 2629 2948 127 48 125 0.33
YTy75-YZ25 6212 3181 3563 189 76 177 0.32
YT5-YZo 5 6677 3605 4023 221 85 179 0.29
YTo.25-YZo75 7121 3919 4368 238 93 183 0.28
YZ 7455 4075 4544 231 90 180 0.29
12} (a) o (b) ©
[(a % c
= E— _ — 180 |
@ / { é: . / ® -
2 _— 2 % / S
% é . g 160 |
£ 5 : :
z g o} e
§ 6 ﬁ E 140
[ ]
o . . . . 40— N : . . 120 — L L L .
YT  075YT 0.5YT 025YT YZ YT  0.75YT 0.5YT 025YT YZ YT  075YT 05YT 025YT YZ
Composites Composites Composites

Figure 6. Elastic modulus of YT_,—YZ, (x =0, 0.25, 0.5, 0.75, 1) composite ceramics: (a) Young’s
modulus (E); (b) shear modulus (G); (¢) bulk modulus (B).
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The enhanced elastic moludus implies that the composite ceramcis are expected to possess
excellent mechanical strength. Figure 7 shows the experimental Vickers hardness and fracture
toughness of YT1_,—YZ, (x =0, 0.25, 0.5, 0.75, 1) composite ceramics and the corresponding
calculated values obtained by the mixing law. As exhibited in Figures 2 and 3, the YT and YZ
phases are uniformly distributed in the composite ceramics and no orientation and texture were
detected; thus, we assume that the composite ceramics are isotropic materials when calculating
the expected values of the Vickers hardness and fracture toughness of the composite ceramics,
which are expressed as:

Hy(cal) = (1 —x)Hy(YT) + xHy(YZ) (15)

Kic(cal) = (1 - X)Kic(YT) + xKic(YZ) (16)

where x is the volume ratio of the YZ phase in the composite ceramics; H(YT) and
Hy(YZ) represent the experimental Vickers hardness of single-phase YT and YZ ceramics,
respectively; while Ki.(YT) and K;j.(YZ) represent the experimental fracture toughness
of single-phase YT and YZ ceramics, respectively. It can be seen in Figure 7a that the
experimental Vickers hardness of YT;_,—YZ, composite ceramics exhibits a similar trend
of variation as the elastic moludus, which increases as the YZ content increases. Moreover,
the experimental Vickers hardness of YT1_4—YZ, (x = 0.25, 0.5, 0.75) composite ceramics
(9.1~11.3 GPa) is also significantly higher than the calculated values, which is 2~2.5 times
higher than that of single-phase YTaOy (4.5 GPa). Regarding the fracture toughness, it
displays a varying trend distinct from that of the elastic moludus and Vickers hardness. As
shown in Figure 7b, the fracture toughness of the YT;_,—YZ, composite ceramics initially
increases to a maximum value and then monotonically decreases with the increase in the
YZ content. Correspondingly, YT(75—YZ 25 possesses a maximum fracture toughness
(3.7 + 0.5 MPa-m'/2), which is 23% higher than that of YT (3.0 4+ 0.23 MPa-m'/2) and
118% higher than that of YZ (1.73 + 0.28 MPa-m!/?). Furthermore, when comparing the
experimental and calculated values of the fracture toughness of the composite ceramics, it
becomes evident that the introduction of the YZ phase exhibits varying degrees of influence
on the fracture toughness of different samples. Specifically, the experimental fracture
toughness of YT 75—-YZ 25 (3.73 MPa-m!/2) is about 37% higher than the corresponding
calculated value (2.67 MPa-m!/2), while that for YT 5-YZ5 (2.43 MPa-m'/2) is essentially
close to the calculated value (2.36 MPa-m'/2). However, for YT.25-YZ0.75 (1.77 MPa-m1/2),
it is obviously lower than the calculated value (2.05 MPa-m!/2). The discrepancy be-
tween the experimental and calculated values suggests that the mechanical properties of
YT _x—YZy composite ceramics may be influenced by multiple mechanisms, rather than
being solely attributed to the intrinsic properties of YZ. Therefore, the mechanism of in-
fluence on the mechanical properties of the composite ceramics is elaborated upon in the
Discussion Section.

—
1)

= (a) {\,% EE 4t (b) Experimental values
p{: ol / e n&.‘. —%~- Calculated values
2 -, § 3 L SN
E 8 x E ke
: -7 4 TR
E 6 o g 2 3 K -
§ —a— Experimental values ,3 %
—%~ Calculated values s
4} =
YT 0.75YT 0.5YT 0.25YT YZ ! YT 0.75YT 0.5YT 0.25YT YZ
Composites Composites

Figure 7. (a) Experimental Vickers hardness and (b) fracture toughness of YT;_,~YZ, (x =0, 0.25,0.5,0.75, 1)
composite ceramics and the calculated values obtained by the mixing law are also shown for comparison.
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3.3. Thermal Performance Analysis

Thermal expansion properties are also essential to thermal barrier coating materials
since the close thermal expansion coefficients between the coating and the substrate can
reduce the cracking risk of the coatings caused by thermal stress. Figure 8a exhibits the
thermal expansion curves of YT;_4—YZ, composite ceramics measured from room tem-
perature to 1673 K. All the samples have a linear expansion characteristic and no sudden
volume change can be observed, which indicates that the samples exhibit excellent phase
stability within the measurement temperature range. The thermal expansion coefficients of
YT, _x—YZy composite ceramics are displayed in Figure 8b. It can be seen that the samples
manifest diverse thermal expansion behavior at different temperatures. Specifically, the
thermal expansion coefficients increase rapidly with the increasing temperature below
873 K, and then the increasing rate gradually slows down at a range of 873-1473 K.
When the temperature is above 1473 K, the thermal expansion coefficients tend to be
constant. The thermal expansion coefficients of YT;_y—YZ, composite ceramics increase
with the increment in the YZ content and vary from 10.0 x 107%/K to 11.0 x 107%/K at
1673 K, which is higher than those of other candidate TBC materials, like LayZr,Oy
(8.6 x 107°/K) [21] and LaMgAl11019 (9.17 x 107%/K) [45]. Tt is commonly acknowl-
edged that the thermal expansion coefficient of nickel-based alloys (13-18 x 10%/K) [46]
used for manufacturing the hot components of aero-engines is higher than those of most
oxide ceramics. Therefore, when working in a thermal shock environment, the high TECs
of YT;_4—YZ, TBC materials are beneficial for reducing the thermal stress between the
TBCs and the superalloy substrate.
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Figure 8. Thermal expansion properties curves of YT1_,—YZy (x =0, 0.25, 0.5, 0.75, 1) composite ceramics
at different temperatures: (a) thermal expansion curves; (b) thermal expansion coefficient curves.

Besides the matched thermal expansion, the thermal transport properties are also key
factors for the selection of thermal barrier coating materials since an excellent thermal
insulation performance can reduce the surface temperature of hot components and thereby
extend the service lifetime of the components. Thermal insulation performance is inversely
proportional to thermal conductivity; thus, reducing the thermal conductivity is one of
the key research directions for TBCs. The thermal conductivity of composite ceramics is
obtained through its relationship with the heat capacity (Cp), the thermal diffusivity (1)
and the density (p), as exhibited in Equation (10). The heat capacity of YT;_x—YZ, com-
posite ceramics from room temperature to 1173 K is shown in Figure 9a, which gradually
increases with rising temperatures since higher phonon energy levels are produced at high
temperatures, leading to increased heat absorption and thereby a higher heat capacity.
Additionally, as the YZ content increases, the heat capacity of the composite ceramics
are also rises because of the higher intrinsic heat capacity of YZ. Figure 9b illustrates the
temperature-dependent thermal diffusivity of YT1_,—YZ, composite ceramics, which de-
creases with the increasing temperature and gradually approaches a limit, as the phonon
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mean free path decreases and approaches the average atomic spacing. Furthermore, the
thermal diffusivity of YT;_4—YZ, composite ceramics decreases with the increase in the
YZ content. Figure 9c shows the thermal conductivity of YT;_,—YZ, composite ceram-
ics at different temperatures, and those of other representative TBC materials, such as
YSZ and v-Y,5i,0y7, are also exhibited for comparison. YT;_4—YZ, composite ceramics
exhibit a typical crystalline thermal conductivity behavior characteristic, which decreases
with the rising temperature. The thermal conductivity of YT;_4—YZ (x = 0.25, 0.5, and
0.75) composite ceramics at 900 °C is about 1.54 W-m~1-K~!, which is lower than that
of single-phase YTaO, (1.63 W-m~1-K~1), and also significantly lower than that of other
TBC materials, like YSZ (3.07 W-m~1-K~1) [47] and y-Y5Si;O7 (3.49 W-m~1.K~1) [48]. This
reduction in the thermal conductivity is attributed to the low intrinsic thermal conductivity
of the introduced second phase as well as the interface thermal resistance arising at the
interface between the YZ and YT phases due to significant crystal structure difference
between the dual phases [16,35,49,50]. It leads to the enhancement of phonon scattering
and the reduction in thermal conductivity. Figure 9d shows the variation in the phonon
mean free path of YTx-YZ;_, composite ceramics with the temperature. As the YZ content
increases, the phonon mean free path of YT1_,—YZ (x = 0.25, 0.5, 0.75) composite ceramics
decreases, reaching minimum values of 0.4 nm, 0.46 nm and 0.51 nm at 1173 K, implying
that strong phonon scattering is induced in the lattice of the composite ceramics. In brief,
the excellent thermal stability, high thermal expansion coefficients and low thermal conduc-
tivity ensure that the YT;_4—YZ, composite ceramics possess a sufficient service lifetime
and thermal insulation performance to withstand high temperatures and strong thermal
shock environments.
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free path.
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4. Discussion
4.1. Strengthening Mechanisms of the Mechanical Properties of YT1_,—YZ, Composite Ceramics

In general, introducing a strengthening second phase with higher hardness and me-
chanical strength is an effective method to improve the mechanical properties of composite
ceramics. Moreover, the degree of strengthening in composite ceramics is expected to
positively correlate with the second phase. However, in this work, the significant deviation
between the experimental and calculated values of hardness and fracture toughness in com-
posite ceramics indicates that the reinforcement of the composite ceramics may originate
from the combined effects of multiple mechanisms. Thus, in order to conform to the rea-
sons for the enhancement of the composite ceramics, the following possible strengthening
mechanisms are discussed separately.

The first toughening mechanism could be the solid solution strengthening effect of
Ta atoms on the YZ phase, which is the reason for the abnormally high elastic modulus
and hardness of YT(25-YZ 75, as shown in the Figures 6 and 7a. Based on the analysis
of the phase composition and microstructure (Figures 2 and 3), it can be concluded that
YTo25—-YZy 75 forms a solid solution with the defective fluorite structure, where partial Zr
atoms are substituted by Ta atoms instead of a dual-phase ceramic. Since the ionic radius
of Zr** (0.72 A) is smaller than that of Ta>* (0.64 A), the crystal lattice of the YT( 25-YZ( 75
solid solution tends to shrink (as shown in Figure 2) compared to the pure YZ phase, which
leads to the shorter and stronger chemical bonds between metal atoms and oxygen atoms,
thereby resulting in the stronger elastic modulus and hardness of the YT 25-YZ 75 solid
solution than that of the pure YZ phase. In addition, this solid solution strengthening
effect still exists in the YZ phase of YT 5-YZ 5 and YT 75—YZ 25, which correspondingly
increases the intrinsic modulus and hardness of the YZ phase in these composite ceramics.

The second toughening mechanism originates from the fine-grain strengthening due
to the mutual grain-boundary pinning effect caused by the introduction of the second
phase. As shown in the Figure 5, the average grain size of the YT1_,—YZ, (x = 0.25, 0.5,
0.75) composite ceramics is 2.10-2.94 um, which is about an 81-86% reduction compared
to the single-phase YT ceramic (15.08 um). The grain refinement represents an increase in
the number of grain boundaries. When the Vickers indenter is pressed onto the surface of
the specimen, the specimen undergoes a local plastic deformation due to the dislocation
motion, ultimately forming an indentation. As the number of grain boundaries increases,
the hindering effect of the grain boundaries on the dislocation motion intensifies, leading
to greater resistance to ceramic deformation and correspondingly higher hardness. On the
other hand, the increased grain boundaries also result in a higher fracture energy being
consumed when the indentation cracks propagate to cross the grain boundaries, thereby
enhancing the fracture toughness [51,52].

As for YT 5-YZy 5 and YT 75—YZg 25 composite ceramics, the additional toughening
mechanism also includes the internal stress strengthening arising from the thermal expan-
sion mismatch between the YT and YZ solid solution phase. Since the thermal expansion
coefficient of the YZ solid solution (11 x10~/K) is higher than that of YT (10 x 10~¢/K),
as shown in Figure 8b, tensile and compressive stresses were generated in the YZ solid
solution and YT upon cooling from the sintering temperature (1973 K) to room temperature.
According to Equations (10)—(12), the residual stress in the YT and YZ solid solutions of
dual-phase ceramics at room temperature was calculated and the results are presented
in Figure 10. When calculating the residual stress, the YT phase is treated as the matrix
and YZ is treated as the second-phase particles for YT 75—YZ 25, while the roles are the
opposite for YTy5-YZy5. As shown in Figure 10, the compressive stress of the YT phase
in YT 75-YZg 25 and YT 5-YZ 5 is 75 MPa and 244 MPa respectively, whereas the tensile
stress of the YZ phase is 153 MPa and 81 MPa, respectively. Generally, the hardness of
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the sample is inversely proportional to the residual stress, that is the hardness decreases
when there is a tensile stress on the sample surface, whereas when there is compressive
stress, the hardness increases [53]. For YT 75—YZ 5, the compressive stress of the compos-
ite ceramic is dominant because the content of the YT phase is significantly higher than
that of the YZ solid solution phase. For YT 5-YZg 5, considering the consumption of the
YT phase by solid solution reaction, the content of the YZ solid solution phase is higher
than the YT phase, and therefore the residual stress of the composite ceramic tends to
be dominated by the tensile stress. Figure 11 shows the contributions of the above three
different mechanisms to the strengthening of the hardness of the YT;_,-YZ, (x = 0.25, 0.5,
0.75) composite ceramics, including the absolute values (Figure 11a) and the percentage
(Figure 11b). It is evident that the reinforcement contributions of different mechanisms
to the three composite ceramics vary significantly. For YT 25—-YZg 75, the enhancement of
the hardness is solely attributed to the solid solution effect of Ta atoms due to the absence
of the second phase. The introduction of the YZ solid solution contributed 75% and 92%
to the hardness strengthening of YT 75-YZ 25 and YT 5-YZg 5, respectively. In addition,
since the grain sizes of the three composite ceramics are quite similar (2.10-2.94 um), the
contribution of grain refinement to hardness enhancement can be deemed to be equivalent.
Accordingly, the enhancement due to the residual stress in YT 75—YZ 55 is significantly
greater than that in YT 5—-YZy5. On the other hand, the strengthening effect of the residual
stress on fracture toughness can be described by a model developed by Evans et al. and
Cutler et al. [54,55]: 1

AKjc(I) = 20,4(2D/ )2 (17)

where oy, is the residual compressive stress in the matrix phase, D is the average particulate
spacing. Equation (17) indicates the fracture toughness enhancement is proportional to the
residual compressive stress in the YT matrix. When the crack encounters the YT grains
during its propagation, the crack tip exhibits a tendency to close due to the surrounding
compressive stress, thereby impeding the crack propagation and enhancing the fracture
toughness [56,57]. Therefore, under the synergistic effects of the compressive stress and the
grain refinement due to the mutual grain-boundary pinning effect, YT( 75—YZg 25 exhibits a
higher fracture toughness than the single-phase YT.
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Figure 10. The residual stress in the YT and YZ solid solutions of dual-phase ceramics at room
temperature, where the positive values represent tensile stress and the negative values represent
compressive stress.
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4.2. The Balance of Thermal and Mechanical Properties for TBC Materials

Over the past decade, the development needs of hypersonic vehicles and advanced
aero-engines have made the search for novel TBC materials a research focus. However,
no candidate material has yet been able to fully replace YSZ since the selection of TBC
materials is restricted by multiple basic requirements, including mechanical and thermal
properties instead of outstanding single performance. For most oxide candidate materials,
like RE;Zr,Oy, REPOy and other materials, typically exhibit superior thermal stability and
thermal insulation performance compared to YSZ, but their mechanical properties, espe-
cially fracture toughness, cannot meet the requirement of TBCs [4,21]. It is commendable
that rare-earth tantalates (RETaO4) have an excellent high-temperature fracture toughness
due to the ferroelastic toughening effect, but the low hardness and thermal expansion
coefficient pose severe challenges in the environments of high-speed particle erosion and
strong thermal shock [7,24]. Therefore, the balance between mechanical and thermal prop-
erties is crucial for TBC materials to possess an excellent service performance. Figure 12
presents a radar chart comparing the properties of YT1_4—YZ, composite ceramics and the
state-of-the-art TBC material 8YSZ [4]. The chart includes thermal properties (thermal con-
ductivity x, thermal expansion coefficients) and mechanical properties (Young’s modulus E,
fracture toughness Kj., hardness Hy). It can be seen that the YT _4—YZ, composite ceramics
achieved a balanced improvement in both thermal and mechanical properties. Among
them, YT 75—YZ( 25 composite ceramics demonstrated an optimal comprehensive performance,
including enhanced hardness (9.06 GPa), the highest toughness (3.7 £ 0.5 MPa-m!/?), a high
thermal expansion coefficient (10.3 x 10_¢4 K~ at 1673 K) and reduced thermal conductivity
(1.54 W-m~1.K~1 at 1173 K). In brief, the balance between enhanced mechanical and thermal
properties makes YT 75—YZg 75 composite ceramics possess an excellent service performance
for TBC applications.
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Figure 12. Radar chart comparing the mechanical and thermal properties of YTx-YZ;_, (x =0, 0.25,
0.5, 0.75, 1) composite ceramics and the state-of-the-art TBC material 8YSZ.

5. Conclusions

In this work, to synergistically optimize the mechanical and thermal properties of YTaO,
ceramics, a series of YT;_4—YZ, composite ceramics were prepared by introducing defective
fluorite-structured Y,Zr,O7 as the second phase into the YTaO4 matrix. Compared to the
pure-phase YTaO, ceramic, the Vickers hardness of YT;_,—YZ, (x = 0.25, 0.5, 0.75) composite
ceramics are significantly enhanced (9.1~11.3 GPa), which are 2~2.5 times higher than that
of YTaOy4 (4.5 GPa). Specifically, YTy 75—YZ 25 exhibits the maximum fracture toughness
(3.7 £+ 0.5 MPa-m'/?) among all the specimens, which is 23% higher than that of YTaOj
(3.0 & 0.23 MPa-m'/?) and 118% higher than that of Y,Zr,O; (1.73 + 0.28 MPa-m'/?). The
enhancement of mechanical properties is attributed to the synergistic effects of the intrinsic
strengthening of the second phase, as well as the residual stress and grain refinement caused by
the introduction of the second phase. For the thermal properties, YT1_x—YZy composite ceramics
exhibit excellent thermal stability at a high temperature and their thermal expansion coefficients
at 1673 K are in the range of 10.3-11.0 x 10_4 K~!, which is also higher than that of YTaOy
(10.0 x 107 K~1). In addition, due to the low intrinsic thermal conductivity of the introduced
second phase and the interface thermal resistance of the dual phases, YT1_4—YZ (x = 0.25, 0.5
and 0.75) composite ceramics show reduced thermal conductivity (1.54 W-m~ 1K1 at1173K)
when compared to the single-phase YTaOy (1.63 W-m~1-K~! at 1173 K). In brief, among these
composite ceramics, YT 75—-YZg 25 composite ceramics exhibit the optimal comprehensive per-
formance, including enhanced hardness (9.06 GPa), the highest toughness (3.7 £ 0.5 MPa-m!/2),
a relatively high thermal expansion coefficient (10.3 x 10_4 K~! at 1673 K) and reduced thermal
conductivity (1.54 W-m~1-K~! at 1173 K), which is considered as the optimal material to use for
thermal barrier coating applications.

In summary, this work provides a simple but effective method to optimize the mechan-
ical and thermal properties of rare-earth tantalate ceramics by introducing the Y,Zr,0Oy
phase. The combination of enhanced hardness, fracture toughness, a high thermal expan-
sion coefficient as well as reduced thermal conductivity of the composite ceramics prove
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that this method is expected to overcome the intrinsic defects of rare-earth tantalates for
thermal barrier coatings applications.
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