JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2023;24:4573—-4586

Available online at www.sciencedirect.com

jmr&t

Journal of Materials Research and Technology

journal homepage: www.elsevier.com/locate/jmrt

Original Article

Check for
updates

Effect of sintering temperature on phase evolution,
microstructure, and mechanical properties of
La,Ce,0,/40 wt.% YSZ composite ceramics

Ivana Parchovianska “°, Milan Parchoviansky °, Aleksandra Nowicka °,
Anna Prnova °, Peter Svancdrek °, Amirhossein Pakseresht
& Centre for Functional and Surface Functionalized Glass, Alexander Dubcek University of Trencin, 911 50 Trencin,

Slovakia
® Joint Glass Centre of the IIC SAS, TnUAD, FChPT STU, Studentska 2, 911 50 Trentin, Slovakia

ARTICLE INFO ABSTRACT
Article history: In this work, La,Ce,0,/40 wt% YSZ (LC40Z) mixed powders were used to fabricate com-
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Hot pressing evolution in both LC40Z powder mixtures and composite bulk ceramics. Results showed
LC-YSZ composites that solid-solution reactions occurred between the YSZ and LC during hot-pressing of the
Phase composition LC40Z powder mixtures, indicated by a new phase of La,Ce.,Zr;.307 (LCZ) observed in the
Mechanical properties XRD patterns. The detailed analysis of Raman spectra confirmed the gradual transition

from fluorite LC to pyrochlore LCZ structure, which was demonstrated by the appearance
of characteristic pyrochlore bands. All composites densified by hot-pressing exhibited a
high relative density above 95%. The average grain size of the LC40Z composites increased
significantly with increasing sintering temperature, while gradual pore-healing was
observed. The associated mechanical properties of LC40Z ceramics were also reported. The
Vickers hardness values increased with increasing sintering temperature, which is
consistent with the microstructure evolution and relative density variations. The highest
hardness, with a value of 10.99 + 0.23 GPa, was achieved for the composite hot-pressed at
1500 °C. The fracture toughness results showed the same dependence on sintering tem-
perature. The fracture toughness increased from 1.97 + 0.15 to 2.4 + 0.14 MPa m'?, indi-
cating that the mechanical properties of the LC40Z composites can be tailored by changing
the sintering temperature during hot-pressing.

© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).

* Corresponding author.
E-mail address: ivana.parchovianska@tnuni.sk (I. Parchovianskad).
https://doi.org/10.1016/j.jmrt.2023.04.054
2238-7854/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).


http://creativecommons.org/licenses/by/4.0/
mailto:ivana.parchovianska@tnuni.sk
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmrt.2023.04.054&domain=pdf
www.sciencedirect.com/science/journal/22387854
http://www.elsevier.com/locate/jmrt
https://doi.org/10.1016/j.jmrt.2023.04.054
https://doi.org/10.1016/j.jmrt.2023.04.054
https://doi.org/10.1016/j.jmrt.2023.04.054
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

4574

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2023;24:4573—-4586

1. Introduction

Thermal barrier coatings (TBCs) are widely used in modern
gas turbines or aircraft engines to protect hot-section metallic
components from excessive heat and combustion environ-
ments [1]. Currently, 8 wt% yttria-stabilized zirconia (YSZ) is
the most commonly used top coat material in TBCs due to its
high melting point (2680 °C), low thermal conductivity (2.1 W/
m-K), and high thermal expansion coefficient (CTE)
(10.7-10° K% [2—6]. However, phase transformations and
severe sintering occur during long-term operation at tem-
peratures above 1200 °C, leading to premature spallation and
failure of TBCs [7—10]. For this reason, alternative materials
with high phase stability and low thermal conductivity are
required for the development of next-generation TBCs oper-
ating at elevated temperatures.

In the last few years, rare-earth element-based ceramics
have been at the center of interest as a potential material for
TBCs due to their outstanding chemical and physical proper-
ties. The chemical formula of this type of ceramics can be
indicated as A,B,0, where A represents 3* cation (rare earth
elements) and B shows a 4" cation (Zr, Ce, Hf, Ti, etc.) [11].
These ternary oxides crystallize into an ordered pyrochlore-
type structure (cubic, Fd3m) or a disordered fluorite-type
structure (cubic, Fm3m), depending on the radii of A- and B-
site cations [12]. The cubic pyrochlore structure is stable for
the cation radii of 1.46 < ra/rg < 1.78, whereas the defect
fluorite structure is formed when r,/rp is lower than 1.46 [13].
Among these complex oxides, La,Ce,07 (LC) is one of the most
promising TBC materials for high-temperature applications,
due to its high phase stability, and ability to withstand high
temperatures (>1250 °C) [14,15]. Moreover, LC exhibits a higher
CTE, lower heat transfer, and better calcium-magnesium-
aluminum-silicate (CMAS) corrosion resistance than YSZ
[14,16—18]. Different methods, such as solid-state synthesis
[13,19], co-precipitation route [20,21], hydrothermal method
[22,23], sol-gel [12,24], or molten salt method [25] can be
employed for the synthesis of LC particles with various mor-
phologies and crystallite sizes. The conventional solid-state
synthesis is an easy and effective method to prepare nano-
sized LC with good powder homogeneity that is necessary
for fabricating high-performance TBCs.

There are several studies about LC as an advanced candi-
date material for TBCs and a great effort has been made to
improve the performance of LC TBCs. For instance, a pub-
lished research work by Zhao et al. [26] discussed the influ-
ence of powder characteristics on the LC coating
microstructures. Wang et al. [27] devoted their research to
improving the thermal shock resistance and mechanical
properties of LC TBC with segmented structure produced by
plasma spraying. In the published report of Gao et al. [16], the
microstructure evolution, mechanical properties, and thermal
interaction of the plasma-sprayed LC TBC with CMAS were
investigated, and the associated mechanism for LC TBC
against CMAS penetration was also discussed. However, it has
been reported, that LC exhibits poor mechanical properties,
especially low fracture toughness, which leads to a short

service life in the case of a single-layer LC TBC [28]. Moreover,
the CTE of LC undergoes a dramatic decrease in the temper-
ature range between 200 and 400 °C, causing the generation of
high thermal stress, which is responsible for the failure of the
ceramic coatings [14,17].

Several authors proposed the combination of LC and YSZ
as a solution to overcome the shortcomings of single YSZ or LC
TBCs. For example, Dehkharghani et al. [29] dedicated their
work to improving the thermal shock resistance and fracture
toughness of La,Ce,0,/YSZ thermal barrier coatings. The best
thermal shock resistance was achieved in LC-50 wt% YSZ
composite coating, which was able to withstand 350 thermal
cycles. The results also indicated that a higher fraction of YSZ
enhanced the fracture toughness due to a higher energy-
relieving rate. Ma et al. [30] developed a novel TBC system
based on LC/8YSZ deposited by electron beam physical vapor
deposition (EB-PVD). It was found that double-ceramic-layer
systems have a longer lifespan compared to a single LC
layer, and much longer than that of the 8YSZ single-layer
system under a burner rig test. Zhang et al. [31] also re-
ported improved mechanical performance, thermophysical
properties and thermal shock resistance of YSZ-toughened LC
composite TBCs.

The above-mentioned studies were mostly focused on
investigating LC/YSZ composite coatings and there is little
knowledge about the properties of LC/YSZ bulk ceramics.
However, it is equally as important to understand the sin-
tering behavior, phase stability, and microstructure evolu-
tion of dense LC/YSZ ceramics as to examine their
mechanical and thermal properties. The first step for pro-
ducing high performance TBCs is to find an optimized
composition and structure with a high thermal insulation
effect and low residual stress. In a previous work [32], the
thermal behavior and mechanical properties of hot-pressed
LC/YSZ composites with different content of YSZ were
investigated, where the lowest thermal conductivity in the
temperature range of 400—1000 °C was found for the bulk
sample containing 40 wt% YSZ. Therefore, in the present
study, the sintering behavior and chemical reactivity of LC
and YSZ were investigated for LC/40 wt% YSZ (LC40Z) com-
posite ceramics via hot-press experiments at different tem-
peratures. The influence of phase transformation on the
and mechanical properties was also
analyzed, since the absence of systematic studies and reli-
able information can lead to inconsistent knowledge about
the performance of TBC materials.

microstructure

2. Experimental
2.1. Powder synthesis and bulk specimen preparation

The conventional method of powder homogenization was
used to prepare a LC40Z composite powder mixture contain-
ing 40 wt% (56 mol.%) of YSZ (8 mol.% yttria-stabilized zirco-
nia, Inframat, Manchester, CT, USA) and 60 wt% (44 mol.%) of
LC powder. The starting LC powder with a cubic fluorite
structure was synthesized via a solid-state reaction at 1400 °C.
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The fabrication procedure of the LC powder is described in our
previous work [33]. To obtain the final LC40Z powder com-
posite, the calculated amounts of LC and YSZ powders were
mixed and homogenized for 24 h with isopropanol and ZrO,
milling balls. After mixing, the suspension was heated under
constant stirring to remove the excess alcohol. The product
was dried in an oven at 100 °C for 24 h, crushed, and sieved
through a 100 pm mesh screen. To study the chemical reac-
tivity between the LC and YSZ, the composite powder mixture
was calcined at 1300, 1400, and 1500 °C for 6 h in an electric
furnace.

The final disk-shaped composite bulk samples were pre-
pared by sintering the LC40Z powder mixture via hot pressing
(Clasic 0220 ZL, Clasic, Revnice, The Czech Republic). The
sintering was performed in a vacuum atmosphere at different
temperatures, i.e. 1300, 1400, and 1500 °C, with a holding time
of 1 h. A uniaxial load of 30 MPa was applied and maintained
for all hot-press experiments. A BN layer was used as an
interface to prevent direct contact between the sample and a
graphite die.

2.2. Characterization techniques

A thermal behavior study of the LC40Z powder mixture was
carried out using thermogravimetry and differential scanning
calorimetry (TG/DSC, Netzsch STA 449 F3 Jupiter, NETZSCH-
Geratebau GmbH, Selb, Germany) in a nitrogen atmosphere.
The TG-DSC experiments were performed in the temperature
range of 25—1300 °C with a heating rate of 10 °C/min. A sample
weight of =20 mg was used for the TG/DSC analysis.

Crystalline phases in both powder and bulk samples were

identified by means of X-ray diffraction analysis (XRD) using a
PANalytical Empyrean DY1098 diffractometer (Panalytical, BV,
Almelo, The Netherlands). Spectra within the range of 20° and
80° over 20 angles were recorded at 45 kV and 40 mA using Cu
Ko radiation (A = 1.5405 A). Diffraction records were evaluated
using HighScore Plus (v. 3.0.4, Panalytical, Almelo, The
Netherlands) with the use of the PDF4 database. The lattice
parameters were determined from XRD using the most
intense (111) and (222) lines, according to Eq. (1):
- % D
where a is the lattice parameter, (hkl) is Miller indices, and d is
interplanar spacing. Rietveld refinement of XRD data was used
to calculate the relative contents of the crystalline phases in
samples. The crystalline structure of the LC40Z powders and
composite bulk samples was further determined by Raman
spectroscopy on a RENISHAW inVia Reflex Raman spectrom-
eter (RENISHAW, Wotton-under-Edge, England, UK), using an
excitation wavelength of 532 nm. Raman spectra were recor-
ded in the range of the Raman shift of 1700—1000 cm™2.

The bulk densities of the hot-pressed composites were
measured using the Archimedes method by weighingin airand
deionized water as an immersion medium. The theoretical
densities of the bulk samples were estimated based on the
mixing law using the theoretical densities of the constituents
and their relative contents determined by Rietveld refinement.
The relative densities were then expressed as the ratio of the
bulk density of the composites to the theoretical density.
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Fig. 1 — TG and DSC curves of the prepared powders: (a) LC
powder; (b) LC40Z powder mixture.

Morphologies of the prepared powders and microstruc-
tures of the bulk samples after sintering were investigated by
scanning electron microscopy (SEM, JEOL JSM 7600 F, JEOL,
Tokyo, Japan). Energy-dispersive X-ray spectroscopy (EDXS,
Oxford Instruments, Abingdon, UK) was employed to deter-
mine the element distribution in the bulk samples. The
average grain size of bulk samples was determined by the
linear intercept method from SEM micrographs using the
software Lince (TU Darmstadt, Darmstadt, Germany). For this
purpose, the polished cross-sections were thermally etched in
a horizontal furnace (Clasic HT1600, Clasic, Revnice, The
Czech Republic) at 100 °C below sintering temperature for 1 h
using a heating rate of 10 °C/min.

Mechanical properties, i.e. microhardness (Hy) and frac-
ture toughness (Kic), of the LC40Z bulk specimens were
measured by Vickers' indentation (Micro Hardness Tester,
WIKI 200, AFFRI, Wood Dale, IL, USA) with a 5 N load (0.5 kgf)
applied for 10 s on embedded and polished samples. The K;c
values were calculated from the length of the radial cracks of
the Vickers indentations according to the equation proposed
by Shetty [34], (2):

Kic =0,0889/ HV 1000 F iOIf)O F 2

where Hy is the Vickers hardness [GPa], F is the indentation
load [N], and L = c-d where cis the length of the crack and d is
the length of the diagonal. The average values of Hy and K¢ for
each sample were obtained from 10 measurements.


https://doi.org/10.1016/j.jmrt.2023.04.054
https://doi.org/10.1016/j.jmrt.2023.04.054

4576

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2023;24:4573—-4586

Fig. 2 — SEM images of the prepared powders calcined at different temperatures for 6 h: (a) LC powder; (b) LC40Z 1300 °C; (c)

LC40Z 1400 °G; (d) LG40Z 1500 °C.

3. Results and discussion
3.1. Thermal behavior of the LC40Z powder mixture

To investigate the possible phase transformations in both LC
powder and LC40Z powder mixture, TG/DSC records were
measured from room temperature to 1300 °C, as shown in
Fig. 1. For both samples, no thermal decomposition or phase
transformations are observed in the DSC curves within the
experimental temperatures. In the DSC curve of the LC40Z
powder mixture (Fig. 1b), only an endothermic process with a
peak temperature at ~70 °C is observed, and corresponds to a
release of molecular water. In the case of the TG curves, no
mass change is evident over the tested temperature range;
less than ~0.8% of mass loss can be attributed to the evapo-
ration of absorbed moisture. These results agree with a study
by Ma et al. [30]. The authors reported good chemical
compatibility of LC with YSZ powders since neither endo-
thermic peak nor exothermic peak was observed during DSC
measurement of LC/YSZ mixed powders in the temperature
range of 200—1300 °C.

To investigate the high-temperature capability and chem-
ical reactivity between the LC and YSZ during prolonged
processing at elevated temperatures, the LC40Z composite
powder mixtures were calcined at 1300, 1400, and 1500 °C for
6 h, as discussed in the following sections.

3.2.  Morphology of the LC40Z powder mixtures

SEM was employed to obtain information about the
morphology and size of the produced powders after heat

treatment at different temperatures. Fig. 2a illustrates the
SEM image of the as-prepared LC powder calcined at 1400 °C. It
can be seen that LC particles are irregular in shape, while each
particle is an aggregation consisting of small primary sintered
nanoparticles with a size of up to 1 um. This typical agglom-
erated morphology is similar to other studies in the literature.
Wang et al. [25] observed that LC nano-powders produced by
the molten salt method are agglomerated and composed of
small particles with an average size between 50 nm and
80 nm. Joulia et al. [35] reported that the LC powder prepared
by the citrate route consisted of fine and uniform 50—100 nm
particles, but at 1400 °C the sintering effect resulted in a sig-
nificant increase in grain size.

In the case of composite powder mixtures calcined up to
1500 °C (Fig. 2b—d), polydispersing nature of the powders was
observed. It is also visible that large particle blocks are ag-
gregates of small particles, most of them smaller than 1 pm.
An increase in the calcining temperature up to 1500 °C at a
given holding time of 6 h showed no considerable changes in
the powder morphology and particle sizes.

3.3. Phase composition analysis of the LC40Z powder
mixtures and hot-pressed composites

The chemical reactivity between LC and YSZ and phase evo-
lution in LC40Z powder mixtures and hot-pressed bulk sam-
ples were investigated by XRD, as shown in Figs. 3 and 4,
respectively. The XRD profile for the as-synthesized LC pow-
der without YSZ addition is also displayed in Fig. 3 for com-
parison. The resulting diffraction pattern of the LC powder
shows only one phase after synthesis, which closely matches
the cubic fluorite phase of CeO, [19,36]. No additional peaks
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Fig. 3 — XRD patterns of the LC powder and LC40Z powder mixtures calcined at different temperatures for 6 h: (a) 26 range
20-80° (insert in XRD pattern shows a magnification of the LCZ pyrochlore peak at 26 = 36.5°); (b) 26 range 27—-32°.

corresponding to unreacted reagents, i.e. La,03 or CeO,, were
found in the XRD record, confirming the formation of La,Ce,0;
solid solution with high phase purity. This indicates that CeO,
can completely incorporate the bigger La*" ions, while still
retaining its fluorite structure. The fluorite structure of LC
powder prepared by solid-state synthesis was also identified
at 1300 °C and 1400 °C by Dehkharghani et al. [29] and Zhang
et al. [31], respectively.

As expected, the un-calcined LC40Z powder mixture con-
sists of two phases corresponding to the original reagents,
namely the fluorite-type LC phase (PDF-01-084-8347) and the
YSZ powder with cubic crystallographic structure (c-ZrO,,
PDF-04-049-1642), without the formation of any new phase. As
for the LC40Z powder mixture calcined at 1300 °C, XRD
showed that the compound is also a mixture of LC and c-ZrO,.
Moreover, a small fraction of a new phase, namely La,Ceg.,-
Zr,.30; (LCZ, PDF-04-024-9518) is observed, indicating that the
reactions occurred between YSZ and LC during the heat
treatment of LC/YSZ powder mixtures. After calcining the
LC40Z sample at 1400 °C, there are also mixed phases (LCZ, LC,
and c¢-ZrO,) in the corresponding XRD pattern. However, the
intensity of diffraction peaks belonging to LCZ increased
when increasing the calcination temperature, while the in-
tensities of the LC and c-ZrO, peaks gradually decreased.
Moreover, the characteristic peak of the pyrochlore structure
at 26 = 36.5° appeared in the XRD pattern, which points to the
fact that the newly formed LCZ solid solution is a pyrochlore
structure. In the case of LC40Z calcined at 1500 °C, the pyro-
chlore LCZ turned out to be the dominant phase, and only a
low fraction of the initial LC solid solution is observed, with
the weak peaks located on the left side of the LCZ phase.
Moreover, small peaks belonging to c-ZrO, still occur on the
right side of the LCZ peaks. Furthermore, as shown in Fig. 3,
the diffraction peaks of LC in all powder mixtures are shifted
to large angles, in contrast to those of pure LC powder. This
indicates that the LC in powder mixtures exhibits non-
stoichiometric composition. The peaks of c-ZrO, also showed
slight deviation in peak positions; however, the shift was to

lower diffraction angles. This is clearly seen in Fig. 3b,
showing that the main c-ZrO, peak at 26 = 30° shifted to the
left side and almost merged with the LCZ peak with a rising
temperature. This indicates that the small amount of La and/
or Ce cations from the original LC lattice interchanged with
Zr** ions in the YSZ lattice [32]. These results are consistent
with a study by Liu et al. [37]. The authors observed new
pyrochlore diffraction peaks in LC/YSZ compact samples after
heat treatment at 1100—1400 °C. It was found that these peaks
originated from the reaction between YSZ and LC and the
mutual interdiffusion of Ce/La and Zr/Y ions. The strong
interaction between LC and YSZ was ascribed to the signifi-
cant difference in Gibbs free energy, which led to the
elemental redistribution and formation of pyrochlore La,Os.
—Ce0,—Zr0, solid solution.

The investigation of the LC40Z powder mixtures revealed
that the pyrochlore and fluorite structures coexist after
calcination in the temperature range of 1300—1500 °C. All
LC40Z powder mixtures were heat treated without being
pressed into pellets, which may explain the incomplete re-
action and the presence of peaks of original reagents (i.e. LC
and YSZ) in XRD diffraction patterns (Fig. 3).

XRD patterns of LC40Z bulk samples hot-pressed at
different temperatures are shown in Fig. 4. In all samples, the
dominant phase is the pyrochlore-type LCZ, confirming that
the solid solution reactions between YSZ and LC also occurred
during the hot-pressing of LC/YSZ powder mixtures. Besides
the main LCZ phase, a very small amount of the initial fluorite
LC solid solution is detected in the LC40Z samples sintered at
1300 and 1400 °C. Interestingly, the XRD analysis revealed that
no diffraction peaks corresponding to c-ZrO, were found in
either case. This indicates that all Zr*" cations incorporated
into the LC lattice with subsequent formation of the LCZ solid
solution. Evidently, the complete transition from fluorite to
pyrochlore occurred in the LC40Z bulk sample hot-pressed at
1500 °C as the LCZ became the only phase detected in XRD
patterns. The absence of residual LC and c-ZrO, implies that
these two materials were completely consumed during the
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Fig. 4 — XRD patterns of the hot-pressed LC40Z bulk samples: (a) 20 range 20—80° (insert in XRD pattern shows a
magnification of the LCZ pyrochlore peak at 20 = 36.5°); (b) 20 range 27—32°.

reaction, yielding a more stable substance. A possible expla-
nation for the complete phase transformation in the LC40Z
bulk sample is that high sintering temperature together with
applied pressure rendered the randomly distributed La*" ions
much more active, followed by their rearrangement into the
pyrochlore structure with regular ion configuration [38].
Moreover, it is necessary to point out that the LCZ diffraction
peaks in the hot-pressed composites became more intense
and sharper than those in the powder mixtures calcined at the
same temperatures. This is mainly due to the increase in grain
size after sintering.

It is also important to note that all LCZ are pyrochlore-type
structures. Also, in this case, the formation of pyrochlore
structure is proved by the presence of two characteristic peaks
at ~36.6° and ~44° of 26 in XRD patterns of bulk samples,
although the intensities of these peaks are significantly lower
compared to those of the main peaks. The existence of these
two characteristic peaks is always used to distinguish pyro-
chlore structure from fluorite structure [23]. As can be
observed in Fig. 3, the characteristic pyrochlore peaks at ~44°
cannot be seen in XRD patterns because of the weaker in-
tensities of LCZ pyrochlore peaks in LC/YSZ powder mixtures
compared to the composite bulk samples prepared by hot-
pressing.

Fig. 4b shows the XRD patterns of LC40Z bulk samples in
the 26 range of 27—32°. Although the c-ZrO, peaks vanished,
the residual LC phase still remained in samples sintered at
1300 and 1400 °C. A shift in the peak positions of LC and LCZ to
a large angle suggests that compositional changes and sub-
stitution of cations occurred, mainly the substitution of Ce*"
ions (Ce*" = 0.087 nm) by smaller Zr*" (0,072 nm) [31,39].
Finally, upon further raising the sintering temperature to
1500 °C, the LC peaks totally disappeared and no other phases
were detected. Therefore, it can be concluded that the for-
mation of LCZ was completed and the pure LCZ phase was
obtained. In addition, 26 values of the LCZ peaks in powder
mixtures and bulk samples were almost identical, implying

that the newly formed solid solution had the same or very
similar stoichiometric composition.

Several authors investigated chemical reactivity and
compatibility between LC and YSZ. Zhanget al. [31] found that
a solid solution reaction between YSZ and LC took place dur-
ing atmospheric plasma spraying to form (La, Y)»(Ce, Zr),0;
solid solution when YSZ content is in the range of 10—40 mol
%. Xu et al. [40] also studied potential interactions between LC
and YSZ in LC-YSZ composite coatings after heat treatment at
1300 °C. The authors also reported that a severe reaction be-
tween LC and YSZ occurred. However, the reaction products
consisted of LayZr,0; (LZ) and CeO,. Yi et al. [41] studied the
chemical compatibility between La,y(Ce;xZry),0; and YSZ
composites at high temperatures (1100—1300 °C). The authors
found that the reaction between these two materials gener-
ates similar products of La,03—CeO,—ZrO, solid solutions
with fluorite structure. Moreover, the results revealed that
chemical compatibility increased with increasing Zr fraction
in Lay(Ce;.xZ1y),07. Similar results have been reported in the
work of Zhang et al. [42] who studied the thermal stability and
thermophysical properties of plasma-sprayed La,Ce;.;Tag.3-
0715 (LCT) coatings, which were developed by partial substi-
tution of CeO, in LC with Ta,0s. Since no diffraction peaks
belonging to Ta,0s were detected in the LCT diffraction pat-
terns, the authors concluded that Ta’" entered the LC lattice,
leading to the formation of an LCT solid solution.

The detailed results of XRD analysis are summarized in
Table 1, including the calculated lattice parameters and 20
values of the most intense peaks of pyrochlore LCZ (P, 222) and
fluorite LC phase (F, 111) in the XRD patterns of all LC40Z
composite materials. In the LC powder, the initial 26 value of
the (111) line is 27.93°, and the lattice parameter is 0.5529 nm.
As is evident from Table 1, the 20 values of both fluorite and
pyrochlore phases rose with increasing sintering tempera-
ture. No influence of the calcination temperature on the lat-
tice parameters of the LCZ in LC40Z powder mixtures was
observed. In contrast, the lattice parameters of LCZ and LC in
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Table 1 — Calculated lattice parameters and 260 values of

the diffraction peaks corresponding to LC and LCZ
phases.

Temperature aof LC aof LCZ 200ofFin 20ofPin
(°C) (nm) (nm) LC (°) LCZ (°)
1300 °C p. 0.5523 1.0686 27.96 28.92
1400 °C p. 0.5501 1.0681 28.07 28.94
1500 °C p. 0.5445 1.0686 28.37 28.92
1300 °C b. 0.5480 1.0788 28.18 28.64
1400 °C b. 0.5454 1.0767 28.32 28.70
1500 °C b. = 1.0654 = 29.01

*p. — powder mixture, b. — bulk sample.

LC40Z bulk samples decreased with increasing sintering
temperature due to the dissolution of the high amount of Zr**
cations with smaller ionic radius [37]. As a result, the lattice
volume of LC and LCZ shrank and the lattice parameter
decreased in order to attain the lowest system energy.
Simultaneously, a certain amount of oxygen vacancies is
created in the lattice structure due to the charge compensa-
tion mechanism [43]. The shift of diffraction peaks and vari-
ation of lattice parameters in bulk samples could also be
attributed to the thermal residual stress generated during the
cooling process, due to the difference in CTEs between LC and
YSZ [41,44].

The relative contents of crystalline phases determined by
Rietveld refinement of XRD data in both LC40Z powder mix-
tures and hot-pressed bulk samples are presented in Fig. 5. As
shown in Fig. 5a, there was approximately 33% LC and 54% c-
ZrO, in the powder samples calcined at 1300 °C, while only
about 13% LCZ was formed as a result of chemical reactions
between LC and YSZ. By increasing the calcination tempera-
ture to 1400 °C, the LCZ content increased to 23%. A subse-
quent raising of the temperature to 1500 °C led to a further
increase in the LCZ content to 40%, but 14% LC and 46% c-ZrO,
remained in the powder sample. As for the hot-pressed LC40Z
bulk samples, no c-ZrO, was detected in either case. In the
bulk sample sintered at 1300 °C, the content of the initial LC
phase was only about 5%, and 95% LCZ was formed. When the
sintering temperature was 1400 °C, the LCZ content gradually
increased to 98%, while the LC content decreased to 2%.

Finally, after sintering at 1500 °C, the content of LCZ reached
100%. These results indicate that the applied pressure during
hot pressing accelerated the reaction and diffusion rate be-
tween LC and YSZ, leading to a higher production rate of the
phase-pure LCZ solid solution. It has been reported that ma-
terials with pyrochlore structure are preferable candidates for
TBCs as they exhibit better structural stability while fluorite-
type materials are susceptible to phase transformation at
high temperatures [45]. Yang et al. [45] investigated the sin-
tering resistance and structural evolution of Lay(Zro.7s.
Ceg.25),07 coating at different temperatures. It was observed
that the coating transformed from fluorite to pyrochlore at
900 °C. When the temperature reached or exceeded 1100 °C,
the phase transformation was completed and the investigated
coating exhibited only a pyrochlore structure.

3.4. Raman spectroscopy of the LC40Z powder mixtures
and the hot-pressed composites

Raman spectroscopy was used for further analysis of the
crystalline structure evolution of the LC40Z samples. This
method is also an efficient tool to distinguish the pyrochlore
and fluorite structures. Fig. 6 shows Raman spectra of LC40Z
powder mixtures and bulk samples sintered at 1300—1500 °C.
For comparison, the Raman spectrum of the LC powder pro-
duced by solid-state synthesis is also plotted in Fig. 6a.
According to the literature [46—48], the Raman spectra of
ordered pyrochlore compounds exhibit six characteristic
vibrational peaks in the range of 200-1000 cm*, which are
assigned to A,z + Eg + 4F,; modes. Conversely, the disordered
fluorite structure has only one allowed Raman active mode F,q
around 460 cm™?, which represents the vibration of oxygen
atoms around each cation [49]. As shown in Fig. 6a, the Raman
spectrum of the pure LC powder shows one dominant band at
~455 cm ™ (F,g), one broader band at ~575 cm™, and four weak
bands at lower frequencies. The band at ~575 cm ™" is ascribed
to oxygen vacancies, which are a consequence of La®"
embedding into a fluorite-type CeO, matrix [23]. The weak
bands at low frequencies can be attributed to second-order
scattering and forbidden acoustic modes caused by defects
in the structure [13,50]. For the uncalcined LC40Z powder
mixture, no new Raman peaks were observed. However, in
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Fig. 5 — Relative contents of crystalline phases determined by the Rietveld refinement of XRD patterns: (a) LC40Z powder

mixtures; (b) LC40Z bulk samples.
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Fig. 6 — The Raman spectra of (a) LC40Z powder mixtures; (b) LC40Z bulk samples.

addition to the initial fluorite bands, a new Raman band
emerged at ~299 cm™ in the LC40Z powder sample after
calcination at 1300 °C. After calcining the sample at 1400 °C,
the predominance of the pyrochlore phase started to appear,
as new pyrochlore peaks at ~401 cm™~* and ~520 cm ™ became
visible in the spectrum. With Zr** gradually substituting Ce*™,
the LC undergoes a transition from fluorite to pyrochlore LCZ
structure, which was demonstrated by the progressive nar-
rowing of Raman peaks, and the gradual appearance of
characteristic pyrochlore bands. The Raman bands at
~460 cm™", representing the fluorite F,, mode, shifted slightly
to higher frequencies, indicating bond shortening and
strengthening due to element substitution [47].

The Raman spectra of LC40Z bulk samples sintered at
1300—1500 °C are presented in Fig. 6b. The most intense bands
are found at ~402 cm ™" and ~588 cm " and correspond to Eg
and F,; modes of pyrochlore structure, respectively [51]. In
addition, a bulge corresponding to F,; mode was detected in
the spectra at ~295 cm ™. However, a significant drop in the
intensity of this band is observed for bulk samples in contrast
to those of the powder mixtures. All other pyrochlore bands
became sharp and clear after sintering, suggesting that there
were obvious structural changes. As for the LC40Z bulk sam-
ples sintered at 1300 and 1400 °C, besides the three typical
Raman bands of pyrochlore structure, a fluorite band at
~466 cm ' is also observed, but with very low intensity. With
the increase in the sintering temperature to 1500 °C, only
typical Raman bands of pyrochlore structure are detected,
while the weak fluorite band completely disappeared. The
bands at ~588 cm ! exhibit higher intensity for bulk samples
compared to powder mixtures, probably due to the formation

of a higher number of oxygen vacancies. Additionally, the
peak positions in LC40Z bulk samples are slightly different
from those for powder mixtures, because the latter contained
a mixture of fluorite and pyrochlore phases. All Raman spec-
troscopy results strongly correspond with the XRD results
discussed in Section 3.3. Our results are also consistent with
those reported by Yang et al. [45], who studied Lay(Zro.7s-
Ceo.25)207 as a thermal barrier coating material, and showed
that only the pyrochlore phase can be detected in the final
bulk ceramics.

3.5. Density and microstructures of the hot-pressed
composites

The relative densities of the LC40Z bulk samples after sinter-
ing are summarized in Table 2. It should be noted that all
composites densified by hot-pressing have a high relative
density above 95% due to the high temperatures and pressure
in the sintering process. The density of the bulk sample hot-
pressed at 1500 °C is almost consistent with that of

Table 2 — Relative densities and average grain sizes of the

investigated LC40Z bulk samples sintered at different
temperatures.

Sintering Relative Average Grain Size
Temperature (°C) Density (%) (nm)

1300 °C 95.6 0.16 + 0.09

1400 °C 97.2 0.39 +0.21

1500 °C 98.9 1.02 + 0.58
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Fig. 7 — The SEM microstructures of the thermally etched surfaces of LC40Z bulk samples hot-pressed at different
temperatures: (a) 1300 °G; (b) 1400 °C; (c) 1500 °C. High magnification back-scattered SEM images of the thermally etched
surfaces of LC40Z bulk samples hot-pressed at different temperatures: (d) 1300 °C; (e) 1400 °C; (f) 1500 °C.

theoretical density, and the relative density shows a
maximum value of 98.9%. As for the LC40Z bulk samples
sintered at 1300 and 1400 °C, reduction of density was
observed, and the relative densities of those composites are
95.6 and 97.2%, respectively. Wang et al. [52] used cold-
pressing at uniaxial pressure of 100 MPa before sintering at
1400 °C for 2 h to obtain La,(Zr; .xCey),07 ceramics with relative
densities >98.8%. Zhou et al. [53] prepared Ce-doped La,Zr,0;
ceramics with a relative density of 95.3% using cold-pressing
with 100 MPa pressure and pressureless sintering at temper-
atures up to 1650 °C for 10 h. In our study, hot-pressing con-
ditions were sufficient to obtain relative densities close to the
theoretical densities predicted by the mixing law.

SEM micrographs from thermally etched surfaces of LC40Z
sintered composites are compared in Fig. 7. The

microstructure of the LC40Z bulk samples hot-pressed at
1300 °C (Fig. 7a) is characterized by the presence of a coarser
and elongated matrix composed of grains that can be
considered to be LCZ based on XRD analysis. Moreover,
randomly distributed regions of aggregations of sub-micron
particles (highlighted by red circles in Fig. 7a) are found in
the matrix. These grains are around 0.5—1 pm in size and are
much bigger than those of the LCZ matrix. This indicates that
the morphology of the original LC40Z powder was preserved
after hot-pressing at 1300 °C, and a small fraction of the
powder experienced no sintering. This is in agreement with
the XRD results shown in Fig. 4. Furthermore, pores with
random shapes and sizes up to 0.5 ym were detected in the
bulk samples prepared by hot-pressing at 1300 °C, and most of
the pores were surrounded by un-sintered particles. As can be
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Fig. 8 — EDXS elemental mapping of the polished surface of LC40Z bulk sample sintered at 1400 °C.

seen in Fig. 7b, the microstructure of the LC40Z bulk sample
hot-pressed at 1400 °C is different from that of the bulk sample
sintered at 1300 °C. The aggregation of the originally obtained
LC40Z powders almost disappeared, and the sintering degree
was more intense. The interfaces and grain boundaries were
clearly observed, while only a small number of pores were
present in the matrix. However, the pores were getting
smaller, indicating that densification occurred. Furthermore,
the average grain size significantly increased because of the
higher sintering temperature employed during hot-pressing.
For the LC40Z bulk samples hot-pressed at 1500 °C (Fig. 7c),
the sizes of grains are largest among the studied samples. The
LCZ grains are connected directly at the interfaces, while no
unreacted phases exist in boundaries between the individual
grains. Notably, there are no obvious pores in the grain
boundaries or other regions of the etched surface, indicating
almost complete densification of the sample. As can be seen
from the magnified back-scattered SEM images (Fig. 7d—f), the
absence of microstructural differences confirms the homo-
geneous distribution of the LCZ grains in the composite
matrices. EDXS elemental map of the LC40Z sample sintered
at 1400 °C, shown in Fig. 8 as the representative, further
supports these findings. The distribution of elements (La, Ce,
Zr, Y and O) in the composite is highly homogeneous without
a significant contrast difference. This confirms the formation
of LCZ solid solutions, which is consistent with the phase
evaluation results by XRD. It has been reported that YSZ and
LC-based materials have low sintering resistance above
1280 °C, which is related to the rapid shrinkage of materials
and sealing of the pores [14]. However, Liu et al. [37] found that

with increasing sintering temperature, both the number and
size of pores in LC-YSZ composites increased dramatically,
indicating improved sintering resistance of the specimens.

The resulting average grain size of LC40Z composites
evaluated from SEM micrographs are presented in Table 2.
The average grain size in the LC40Z sample hot-pressed at
1300 °C is 0.16 + 0.09 pm, while the average grain size
increased to 1.02 + 0.58 pm for the sample sintered at 1500 °C.
In contrast, both porosity and pore size decreased with
increasing sintering temperature, which corresponds well
with the results of the relative densities of the bulk samples
shown in Table 2.

Sintering of bulk materials is typically described as the
removal of intergranular pores caused by lattice and grain
boundary diffusion at high temperatures [38]. Grain growth in
composite materials with high chemical compatibility is
usually inhibited by the introduction of a secondary phase due
to a significant “pinning” effect between grains of different
phases. In other words, the average grain size of the matrix
decreases as the volume fraction of the secondary phase in-
creases [41,54]. However, in our previous work [32], the grain
coarsening and grain growth were observed with the
increasing wt. fraction of YSZ in the hot-pressed LC-YSZ bulk
samples. Furthermore, both large and small grains were
detected in the composites containing 60 wt% and 70 wt% of
YSZ, which was attributed to the higher content of YSZ and
subsequent consumption of small LCZ grains during sintering.
Liu et al. [37] also reported a rapid grain growth in LC-YSZ
composites, which was ascribed to the high activation en-
ergy of nanosized crystals and high diffusion rates of Ce*" and
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Fig. 9 — The mechanical properties of LC40Z ceramic composites hot-pressed at different temperatures: (a) Vickers hardness;

(b) fracture toughness.

La*' cations. Therefore, the authors assume that the grain
growth mechanism originated from grain boundary migra-
tion. Consequently, tiny grains were consumed during the
sintering process. In the present work, we conclude that the
reaction effect and interdiffusion between LC and YSZ parti-
cles also contributed to the grain growth in the hot-pressed
LC/YSZ samples.

3.6.  Mechanical properties of the hot-pressed composites

The mechanical properties represent the critical factors in
determining the durability of TBCs. Generally, high hardness
and high fracture toughness are desirable for TBC materials to
sustain a satisfying service life. Microhardness serves as a
crucial indicator for assessing the resistance of materials to
deformation, scratching, and erosion. The Vickers hardness
(Hy) values of the LC40Z composites, hot-pressed at different
temperatures are presented in Fig. 9a. At least 10 valid in-
dentations were made under a given load of 5 N, and the
average value was identified as the hardness of the composite
bulk samples. Experimental results showed that the Hy of
LC40Z composites increased gradually with an increasing
sintering temperature. The Hy for LC40Z bulk sample sintered
at 1300 °C is 8.68 + 0.87 GPa, while the Hy of the bulk sample
sintered at 1400 °C was improved to 9.57 + 0.18 GPa. The
highest hardness value of 10.99 + 0.23 GPa was obtained for
the composite material hot-pressed at 1500 °C.

Two of the main aspects influencing the mechanical
properties of ceramic composites are their composition and
microstructure features. More specifically, the increase in
grain size and almost complete densification, which was re-
flected in the high relative density, are the main factors that
enhanced the Hy of the LC40Z sample sintered at 1500 °C. In
general, the hardness of ceramic composites inversely

correlates with the porosity level. A considerably lower re-
sidual porosity in the LC40Z bulk sample sintered at 1500 °C
resulted in a denser microstructure, and thus higher Hy
compared to the bulk sample sintered at 1300 °C. Moreover, as
mentioned in Section 3.3, the high amount of Zr** cations
dissolved in the LC lattice during hot-pressing, which led to
crystal cell shrinking and lattice distortion. The lattice
distortion can improve materials' ability to resist deformation
and thereby increase the hardness [31].

In addition to the Vickers hardness, the fracture toughness
(Kic) of the LC40Z bulk samples hot-pressed at different tem-
peratures was determined from the corresponding indenta-
tion images. The fracture toughness of ceramic materials
provides an indication of their ability to resist crack propa-
gation. The higher the value of fracture toughness, the more
difficult the material is to break. Therefore, the high fracture
toughness is beneficial for the durability of TBCs under ther-
momechanical loading. The K¢ values of the LC40Z bulks are
visualized in Fig. 9b.

The K¢ results showed the same dependence on the sin-
tering temperature as in the case of Vickers hardness tests.
The Kjc of the LC40Z composites improved with increasing
sintering temperature and the maximum K, of
2.40 + 0.14 MPa m¥? was achieved for the bulk sample hot-
pressed at 1500 °C. For all LC40Z specimens, the surface
indentation patterns (Fig. 10) exhibited radial cracks at four
indent corners, and the cracks were relatively short and did
notindicate buckling. Itis assumed that the increased fracture
toughness of the LC40Z ceramic composites can be attributed
to the reaction of LC and YSZ and the subsequent coarser-
grained microstructure. According to Zhang et al. [31], the
incorporation of YSZ into the LC lattice could enhance the
lattice's cohesive energy, which is proportional to the fracture
energy. Therefore, the improved fracture toughness of YSZ-
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Fig. 10 — Vickers indentation patterns of the LC40Z ceramic composites hot-pressed at different temperatures: (a) 1300 °C; (b)

1400 °C; (c) 1500 °C.

reinforced LC composite TBCs was thought to be due to the
increased fracture energy resulting from the solid-solution
reaction between YSZ and LC.

Due to its relatively high fracture toughness compared to
other TBC candidates, YSZ is commonly used to improve the
fracture toughness of rare-earth element based-ceramics,
partially due to its phase transformation toughening mecha-
nism [31,55,56]. The fracture toughness of the LC40Z composite
bulk samples investigated in this work was found to be higher
than that of 8YSZ (~2 MPa m*?) [4], but lower than that of bulk
Lay(Zr; 4 Ce,),0, ceramics (3.5-3.8 MPa mY?) [57]. In the pub-
lished report of Kang et al. [ [58]], the fracture toughness of LC/
50 vol% YSZ composite TBC coating was reported as
1.48 + 0.26 MPa m"?, which is higher than that of single LC
coating (0.72 + 0.15 MPa m*?). The improved fracture toughness
of plasma-sprayed LC/8YSZ coating was also reported by Liu
et al. [59]. The K;c of the LC/8YSZ interface was
1.17 + 024 MPa m%Y? which was larger than the LC
(0.41 +0.15 MPa m*?). YSZ was also used for fracture toughness
improvement of Gd,Zr,0; ceramics by Zhang et al. [39], and
La,Zr,0; ceramics as reported by Wang et al. [55] and Zhang
et al. [60].

4, Conclusions

In this work, hot-pressed LC40Z composites with high relative
densities were prepared and studied as a material designed
for TBC applications. The chemical reactivity between LC and
YSZ, phase composition, microstructure evolution, and me-
chanical properties of the composites were studied in detail as
a function of sintering temperatures. The main conclusions
are summarized as follows.

(1) XRD data analysis revealed that the hot-pressing pro-
cess produces a reaction between LC and YSZ since a
new pyrochlore LCZ phase was detected. The fraction of
the LCZ was found to increase with increasing sintering
temperature, while no initial LC and cubic phase of YSZ
was found to exist in bulk sample sintered at 1500 °C.
This indicates that Zr*" gradually substituted Ce*" in
the LC lattice with a subsequent transition of fluorite LC
to pyrochlore LCZ structure, which was also confirmed
by Raman spectroscopy.

All prepared composites exhibited high relative density
above 95%. SEM analysis confirmed that densification
occurred and the grain size grew while porosity

—
N
—

decreased when raising the sintering temperature. The
average grain size significantly increased from
0.16 +0.09 um to 1.02 + 0.58 um after sintering at 1500 °C.

(3) The Vickers hardness values increased gradually with
increasing sintering temperature due to the denser
microstructure with homogeneous grains and reduced
porosity. The fracture toughness results showed the
same dependence on sintering temperature. The Vick-
ers hardness of LC40Z composites ranged from
8.68 + 0.87 GPa to 10.99 + 0.23 GPa, and the fracture
toughness ranged from 1.97 + 0.15 t0 2.4 + 0.14 MPa m"/2,

(4) Comparing all the results together with mechanical
property measurements, it can be concluded that the
optimal sintering temperature for hot-pressed LC40Z
composites is 1500 °C. The findings of this study provide
important information for the design of a desirable,
high-performing TBC system.
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