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Doped  Gd2Zr2O7 materials have interesting properties as thermal barrier coatings (TBC) to replace 
the YSZ topcoats traditionally used. Here we investigate the thermomechanical properties and phase 
relations of  Gd2Zr2O7 (GZO) alloyed with 5 mol%  Yb2O3 stabilized  ZrO2 (YbSZ) in the composition range 
 (Gd2Zr2O7)1−x(YbSZ)x, 0 ≤ x ≤ 0.98. With increasing YbSZ content, phase transformations from ordered 
to disordered pyrochlore to fluorite and tetragonal structures were observed. The thermal expansion 
coefficient (TEC) and Vickers hardness were correlated showing a maximum hardness (~ 11.5 GPa) and 
minimum TEC at x = 0.82. At 1000 °C, the TEC for the end members, x = 0 and 0.98, were 11.4 and 11.3 
×  10–6  K−1, respectively. The fracture toughness, KIC, showed an average value around 1.5 MPa  m0.5 for 
x ≤ 0.93 and increased significantly at x = 0.98 reaching 5.4 MPa  m0.5 due to the presence of a ferroelastic 
phase. For TBC applications, compounds with x = 0.98 show promise due to high TEC and high KIC.

Introduction
Thermal barrier coatings (TBCs) enhance the durability and 
energy efficiency of the hot section components of gas turbines. 
A TBC system typically consists of four main parts including a 
superalloy substrate, a metallic bond coat, a thermally grown 
oxide, and a ceramic topcoat [1–5]. The most common material 
used as the ceramic topcoat is 3.4–4.5 mol% yttria-stabilized 
zirconia (YSZ) [1, 2, 4, 6], applied either by electron beam physi-
cal vapor deposition (EBPVD) or atmospheric plasma spraying 
(APS). From a mechanical point of view, durability and failure 
mechanisms of TBCs are thoroughly described and discussed 
by Evans et al. [7] in their paper from 2001, and more details 
on failure due to hot corrosion, oxidation, erosion and thermal 
shock is reported in [8–12]. Of particular interest to aircraft 
engines is the ingestion of siliceous particulates (dust, sand, 
volcanic ash, runway debris) with the intake of air. At elevated 
temperature the finer debris tend to adhere to the coating sur-
face and form calcium magnesium alumino-silicate (CMAS) and 
the TBCs may suffer from crack formation and delamination. 

The possible degradation of TBCs by molten CMAS deposits is 
extensively treated in the literature [13–15].

The state-of-the-art YSZ coating is mainly comprised of a 
non-transformable tetragonal (t′) phase [16] that limits applica-
tion to temperatures below 1200 °C, due to accelerated sintering 
and detrimental phase transformations at temperatures above 
1200 °C [17–20].

In order to improve the efficiency of the gas turbines, the 
combustion temperature needs to be increased demanding 
replacements for YSZ. New thermal barrier oxide materials with 
higher stability, lower thermal conductivity, and improved sin-
tering resistance at higher temperatures have attracted increas-
ing attention [4, 21–24]. Rare-earth zirconates  (RE2Zr2O7) such 
as  La2Zr2O7,  Gd2Zr2O7, and  Sm2Zr2O7 have been considered 
to enhance the efficiency of TBCs [4, 21, 22, 25]. Among them, 
 Gd2Zr2O7 (GZO) has attracted extensive attention due to low 
thermal conductivity and enhanced phase stability [26–29]. 
However, the application of  Gd2Zr2O7 as the topcoat for TBCs 
is limited to a relatively short thermal cycling lifetime due to 
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low fracture toughness, KIC [30–33]. To enhance the fracture 
toughness and thermal cycling lifetime of  Gd2Zr2O7 ceramics, 
considerable efforts have been made and there are several pos-
sible strategies to follow [27, 31, 34, 35].

There are two possible toughening mechanisms in zirconia-
based materials [36]. The first mechanism is the well-established 
stress-induced phase transformation (transformation toughen-
ing) from the tetragonal (notation t) to monoclinic phase along 
the propagation of the crack [37]. The second mechanism is fer-
roelastic toughening due to the presence of a non-transformable 
tetragonal phase (notation t′) with ferroelastic properties [34, 38, 
39]. Fracture energy is absorbed by ferroelastic domain switch-
ing in response to strain, and results in a significant enhance-
ment in KIC [34, 39]. The ferroelastic tetragonal phase is char-
acterized by a tetragonality, tʹ = c/a√2 (a and c are the lattice 
parameters of the tetragonal structure), between 1.00 and 1.01 
[40]. This toughening mechanism is also active at high tempera-
tures, however it is lost above 1300 °C as the t′-phase converts to 
tetragonal t-phase and monoclinic phase on cooling from these 
high temperatures [19]. According to Zhao et al. [41] stress-
induced order–disorder phase transformation along the crack 
propagation also represent a possible toughening mechanism, 
absorbing fracture energy along the path of the crack and result-
ing in enhanced KIC.

Leckie et al. [42] showed that substitution of small ions 
into  Gd2Zr2O7 can be an effective strategy to improve the 
fracture toughness as well as the thermal expansion coeffi-
cient of  Gd2Zr2O7-based TBCs. Wang et al. [35] synthesized a 
series of Sc-substituted  Gd2Zr2O7 ceramics ((Gd1−yScy)2Zr2O7, 
0 ≤ y ≤ 0.2) by chemical co-precipitation and reported that the 
Sc-substituted  Gd2Zr2O7 ceramics demonstrated an enhanced 
fracture toughness which could be attributed to the increased 
cohesive energy. They concluded that fracture toughness may 
also be enhanced by strengthening the bond energy between 
the atoms/ions in the crystal (cohesive or lattice energy) which 
is also affected by lattice distortion and structural disorder [35]. 
It is also reported that 3.5 mol%  Yb2O3-stabilized  ZrO2 [34] 
and 3.5 mol%  Er2O3-stabilized  ZrO2 [27] as toughening agents 
improved the fracture toughness of  Gd2Zr2O7 coatings due to 
the presence of the ferroelastic t′ phase.

Cairney et al. [43] made a comparative study of the phase 
stability of  ZrO2 stabilized with Y and Yb, and reported that 
Yb offers enhanced t′ phase stability compared with Y. Zhang 
et al. [34] synthesized 3.5 mol%  RE2O3 (RE = Dy, Y, Er, Yb) 
stabilized  ZrO2 ceramics, and showed that  ZrO2 stabilized 
with 3.5 mol%  Yb2O3 (YbSZ) exhibited the best phase-sta-
bility among these compounds. Feng et al. [44] reported the 
presence of the tʹ phase for  ZrO2 substituted with  Yb2O3 in 
the interval from 3 to 6 mol% and that zirconia with 5 mol% 
 Yb2O3 contained the highest amount of the tʹ phase and 
showed the best phase stability. There seems to be consensus 

that improved phase stability and higher fracture toughness 
are the main reasons for the longer thermal cyclic life of YbSZ 
among the rare earth oxide stabilized zirconia materials.

Zhang et  al. [34] doped  Gd2Zr2O7 with 5 to 40  mol% 
of 3.5 mol% YbSZ to improve the fracture toughness and 
reported increased fracture toughness with increasing con-
tent of YbSZ and that the improvement was attributed to the 
tʹ phase.

In the present study we took advantage of results reported 
in [34, 43, 44] and explored the system  Gd2Zr2O7 (GZO) with 
5 mol%  Yb2O3 in  ZrO2 (YbSZ) corresponding to the nominal 
stoichiometry (GZO)1−x(YbSZ)x, and extended the range to 
include compositions from pure GZO to compositions with 
only 2 mol% GZO, corresponding to 0 ≤ x ≤ 0.98.

The materials were sintered at 1600 °C and phase relations 
in the whole composition range were assessed by a combina-
tion of Raman and XRD. The objective of the study was to 
correlate thermomechanical properties such as TEC, hard-
ness and fracture toughness with microstructure and phases 
(crystal structure) and identify compositions suitable for TBC 
applications.

Results
Characterization of GZO/YbSZ ceramic powders

The XRD pattern of the fabricated GZO powder shown 
in Fig. 1a confirms the formation of a single phase pyro-
chlore superstructure (PDF 00-016-0799) [45]. GZO with 
the pyrochlore structure has six Raman modes which are 
 A1g +  Eg +  4F2g [46], while the Raman spectrum of defect fluo-
rite structure only has one single broad band [47].

As shown in Fig. 1b, five Raman modes are observed con-
firming the presence of GZO with a pyrochlore structure [46]. 
Figure 2a shows the XRD pattern of the synthesized YbSZ 
powder confirming that  Yb2O3 was completely dissolved in 
 ZrO2 and stabilized a single phase YbSZ with a tetragonal 
structure.

The Raman spectrum of the YbSZ powder presented in 
Fig. 2b shows the 6 Raman active modes corresponding to 
the formation of a tetragonal YbSZ phase [48]. Based on the 
lattice parameters calculated from the XRD pattern in Fig. 2a 
(a = 3.6049 Å, c = 5.1346 Å), t = 1.0071 hence confirming that 
the YbSZ powder has a tʹ tetragonal structure, consistent with 
results reported by Zhang et al. [34].

The XRD patterns of (GZO)1−x(YbSZ)x with x between 
0 and 0.98 and sintered at 1600 °C for 10 h are presented in 
Fig. 3a, while the phase distribution and lattice parameters 
are given in Table 1. Single phase materials are observed in 
the whole composition range except for sample F (x = 0.93) 
where both tetragonal and fluorite structure co-exist. The 
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tetragonality, t, of material G (x = 0.98) is at the border 
between t and tʹ phases, tʹ = 0.010. The diffraction lines 
are shifted toward higher 2θ with increasing YbSZ content 
(Fig. 3a), consistent with a decrease in lattice parameters.

According to [49], the pyrochlore structure is stable at 
r(RE3+)/r(Zr4+) ratios between 1.46 to 1.78. Raman spectra 
proves crystallographic changes of GZO ceramics by increasing 
the YbSZ content (Fig. 3b). Raman spectroscopy is very sensitive 
to metal–oxygen vibrational modes, therefore a powerful tool to 
analyze the degree of local disorder [35].

The Raman line broadening is generally due to lattice strain 
and structural disorder [46] and from that perspective sam-
ple A represents an ordered pyrochlore while samples B and 
C are disordered pyrochlore structures (Fig. 3b and Table 1), 
inferred by the significant broadening of the Raman spectra 
observed for B and C. The interpretation is in accordance with 
Scheetz and White [50] reporting that line broadening in the 

zirconate pyrochlores is due to disorder. At even higher content 
of YbSZ, the structure changes to fluorite (sample D and E). 
The two weak Raman modes at 261 and 463  cm−1 observed for 
sample F indicate that both fluorite and tetragonal phases are 
co-existing. For sample G (x = 0.98) a well-defined tetragonal 
phase is evident.

Microstructure and mechanical properties of bulk 
GZO/YbSZ ceramic materials

Figure 4 shows the microstructure of the polished and thermally 
etched surfaces and values for density, porosity and grain size 
are included in Table 1. No secondary phases were observed in 
Fig. 4. The mean grain size increased with YbSZ content and 
reached a maximum of 15.1 μm for sample D (x = 0.82), and a 
further increase in YbSZ reduced the mean grain size to 1.8 μm 
(sample G, x = 0.98). The lowest porosity, 1%, was observed for 
pure  Gd2Zr2O7 (sample A) and a maximum porosity of almost 
17% was observed for the sample with highest content of YbSZ 
(sample G, x = 0.98).

Figure 1:  (a) XRD pattern of  Gd2Zr2O7 powder with Miller indices 
according to the pyrochlore superstructure [45] (PDF 00-016-0799) 
and (b) Raman spectrum of the  Gd2Zr2O7 powder showing five Raman 
modes  (F2g mode at ~ 125  cm−1,  F2g mode at ~ 322  cm−1,  Eg at ~ 401  cm−1, 
 A1g at ~ 537  cm−1 and  F2g at ~ 595  cm−1) [46].

Figure 2:  (a) XRD pattern of YbSZ powder confirming single phase with 
tetragonal structure (PDF 00-050-1089) and (b) Raman spectrum of the 
YbSZ powder.
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The hardness and fracture toughness of the fabricated 
ceramics are given in Fig. 5a. The hardness increases with 
increasing the YbSZ content up to x = 0.74 (sample C) and 
further addition of YbSZ gives a significant reduction in 

hardness reaching a minimum value of 6.7 GPa at x = 0.98 
(sample G). A somewhat similar behavior is observed for 
the fracture toughness, KIC, increasing from 1.3 (sample 
A) to 1.8 MPa  m0.5 at x = 0.82 (sample D). Sample D shows 
the highest fracture toughness among the samples with 
cubic structure (Table 1). A reduced fracture toughness is 
observed at even higher YbSZ content, reaching 1.4 MPa 
 m0.5 at x = 0.93 (sample F). A significant increase in frac-
ture toughness is however observed for the sample with 
the highest content of YbSZ corresponding to 5.4 MPa  m0.5 
at x = 0.98 (sample G). This enhanced fracture toughness 
coincides with the formation of a single-phase material 
with tetragonal structure (Table  1). It should be noted 
that sample G was loaded with 5  kg in order to gener-
ate cracks for assessment of KIC, while the other samples 
were loaded with 300 g. SEM images of indented surfaces 
including crack formation for samples A and C are shown 
in Fig. 5b, c.

Elastic modulus (E) was assessed by nanoindentation and 
the results are given in Fig. 6a. Representative behavior of the 
force/displacement curves are presented in Fig. 6b for sample 
A. The values of the elastic modulus are rather constant from 
sample A to G, however the lowest value was measured for pure 
 Gd2Zr2O7 (sample A) whereas sample with x = 0.60 (sample B) 
reached the highest value at 225 GPa, indicating strengthening 
of the material by substitution of some  Gd3+ with  Yb3+.

Thermal expansion coefficient of the bulk 
(GZO)1−x(YbSZ)x ceramics

The variation in thermal expansion coefficient (TEC) with 
temperature provided in Fig. 7a shows an increasing TEC 
with temperature. Figure 7b shows the isothermal variation 
in TEC with composition at 200, 600 and 1000 °C and a para-
bolic behavior with respect to composition is evident at all 
isotherms and the TEC varies between 8.0 and 11.5 ×  10–6  K−1. 
The end members (sample A and G) display the highest TEC 
and the value for pure YbSZ, according to Guo et al. [51], is 

Figure 3:  (a) XRD patterns and (b) Raman spectra of (GZO)1−x(YbSZ)x 
(A: x = 0, B:x = 0. 60, C: x = 0.74, D: x = 0.82, E: x = 0.89, F: x = 0.93, and G: 
x = 0.98) after sintering at 1600 °C for 10 h.

TABLE 1:  Density, porosity, grain size, lattice parameters and type of phase(s) present for the (GZO)1−x(YbSZ)x samples after sintering at 1600 °C for 10 h.

Sample x YbSZ (wt%) ρbulk (g  cm−3) ρtheor (g  cm−3) ρ% (%) Porosity (%) Grain size (μm) Lattice param (Å) Phase(s)

A 0 0 6.8 ± 0.06 6.9 99 1.0 ± 0.8 1.86 ± 0.6 10.530 (9) Pyrochlore

B 0.60 25 6.6 ± 0.03 6.74 98 1.9 ± 0.5 8.4 ± 3.1 10.417 (3) Disordered pyrochlore

C 0.74 37.5 6.5 ± 0.01 6.65 98 1.9 ± 0.2 10.4 ± 2.3 10.379 (1) Disordered pyrochlore

D 0.82 50 6.4 ± 0.04 6.58 97 2.7 ± 0.6 15.1 ± 6.1 5.180 (4) Fluorite

E 0.89 62.5 6.1 ± 0.08 6.53 94 5.8 ± 1.2 9.4 ± 3.7 5.168 (6) Fluorite

F 0.93 75 5.9 ± 0.09 6.44 92 7.6 ± 1.4 7.3 ± 1.8 5.151 (6) Fluorite +  Tetragonal

G 0.98 90 5.3 ± 0.1 6.36 83 16.6 ± 2.3 1.8 ± 0.5 a:3.621 (8)
c:5.171 (8)

Tetragonal (t)
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11.25 ×  10–6  K−1 at 1200 °C, which is in good agreement with 
the trend given in Fig. 7b. At low temperatures, sample G 
shows the highest TEC while at higher temperatures the ther-
mal expansion coefficients of sample A and G are similar. A 
common reduction in TEC is observed for the alloyed samples 
with a minimum between x = 0.82 and 0.89 (sample D and E).

Discussion
Phase relations

Using a combination of XRD and Raman spectroscopy enabled 
to distinguish between ordered pyrochlore, disordered pyro-
chlore and fluorite phases in the (GZO)1−x(YbSZ)x samples 

Figure 4:  (a) to (g) the morphology 
of (GZO)1−x(YbSZ)x samples from 
A (GZO) to G (x = 0.98) sintered at 
1600 °C for 10 h.
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[46–48]. With XRD, there are challenges in distinguishing 
between the fluorite (cubic) phase and the tetragonal phases due 
to the similarities in long range structure, however, these phases 
have distinguishable bands in their Raman spectra [52]. Accord-
ing to the phase study (Table 1), single phases are observed 
for x in the interval 0 ≤ x ≤ 0.89 (Sample A to E) correspond-
ing to solid solubility between GZO and YbSZ in this range. 
Both within the pyrochlore regime (Sample A to C) and the 
fluorite regime (Sample D to E) the lattice parameters decrease 
with increasing amount of YbSZ. This is anticipated to be due 
to the  Gd3+ ions (ionic radius = 1.053 Å) being substituted by 
the smaller  Yb3+ ions (ionic radius = 0.72 Å) [53, 54]. A two-
phase regime occurs at x = 0.93 (Sample F) corresponding to 
the co-existence between a fluorite and a tetragonal phase. At 
even higher contents of YbSZ, x = 0.98 (Sample G), the tetrago-
nal structure of YbSZ is seen to be preserved. All materials were 
sintered at 1600 °C expecting the tetragonal t phase to be stable, 
however for sample G (x = 0.98) the calculated tetragonality cor-
responded to a value at the border line between t and tʹ. The 
ternary phase diagram for the  Gd2Zr2O7–ZrO2–Yb2O3 system 
is not reported in the literature. However, Fabrichnaya et al. [55] 
have investigated the phase equilibria in the  GdO1.5–ZrO2–YO1.5 
system and presented ternary isothermal phase diagrams at 

temperatures between 1200 and 1600 ℃. There are signifi-
cant similarities between the present investigation and results 
reported by Fabrichnaya et al. However, in the  ZrO2-rich region 
they report a two-phase region corresponding to the coexist-
ence between a fluorite structure and a tetragonal structure, as 
opposed to a single tetragonal phase observed in the present 
investigation (Sample G).

Microstructure

Increasing the YbSZ content from x = 0 to 0.82 (Sample A to D), 
densities between 99 and 97% are obtained (Table 1), showing 
good sinterability in this range. In the same composition range, 
there is also a monotonous increase in grain size from 1.9 to 15 μm. 
A closer inspection of the SEM micrographs in Fig. 4a–d shows an 
increasing number of trapped pores inside the grains with increas-
ing grain size due to the enhanced rate of grain growth.

In the composition range from x = 0.89 to 0.98 (Table 1, 
sample E to G) the density is reduced from 94 to 83% at the 
same time as the average grain size is reduced from 9.4 to 
1.8 μm, corresponding to a significant reduction in the sin-
terability with YbSZ content in this composition interval. 
The almost 10% reduction in density from sample F to G also 

Figure 5:  (a) Hardness and fracture 
toughness of the (GZO)1−x(YbSZ)x 
samples, (b) and (c) SEM images of 
Vickers indents of sample A (left) 
and C (right), respectively (300 g 
load for 15 s).



 
 J

ou
rn

al
 o

f M
at

er
ia

ls
 R

es
ea

rc
h 

 
 V

ol
um

e 
36

  
 I

ss
ue

 1
6 

 A
ug

us
t 2

02
1 

 w
w

w
.m

rs
.o

rg
/jm

r

Article

© The Author(s) 2021 3232

coincides with the phase transition between fluorite/tetrago-
nal to a single phase with tetragonal structure and indicate a 
significantly reduced densification rate for tetragonal struc-
tures due to the lower crystallographic symmetry and a lower 
number of independent diffusion paths for the cations. The 
concept of higher sinterability with decreasing melting point 
of the oxide [56] does not apply here since the melting point 
of  Gd2Zr2O7 (sample A) is somewhat higher than for GZO/
YbSZ (Sample G).

From an application point of view the sintering properties 
are of importance. TBCs prone to progressively sinter at operat-
ing temperatures may lead to enhanced Young’s modulus fol-
lowed by delamination due to increased stress between TGO 
and TBC [57, 58]. Bakan et al. [31] investigated the relation 
between microstructure and failure in plasma sprayed GZO/
YSZ and concluded that the presence of globular pores (and/or 
interlamellar cracks) enhance the performance of the TBC. The 
enhancement was explained by the reduced Young’s modulus 
followed by less stress at the interfaces. This clearly shows that 

the sintering properties and resulting microstructure are impor-
tant parameters with respect to the lifetime of TBCs at operating 
temperature. In the present investigation the aim was to obtain 
materials with as high density as possible and did not include 
attempts to design the microstructure.

Thermomechanical properties

Thermal expansion coefficient

Care should be taken when interpreting the change in TEC 
with composition, due to the simultaneous variation in phases. 
However, the simplest approach is to assume that the thermal 
expansion coefficient depends in general on the strength of the 
chemical bonds and will decrease with increasing bond strength. 
The variation in TEC at constant temperature shows a parabolic 
behavior with a minimum between x = 0.82 and 0.89 (Fig. 7b), 
indicating that the strongest bonds are around this composition. 
The high TEC values for the end members (sample A and G) 
also suggest that these compositions have the weakest bonds. 

Figure 6:  (a) Elastic modulus of all (GZO)1−x(YbSZ)x samples (the lines 
are drawn as guide to the eye) and (b) nanoindentation load versus 
penetration depth curves for sample A.

Figure 7:  Thermal expansion coefficient (a) of the bulk (GZO)1−x(YbSZ)x 
samples vs temperature and (b) of the bulk (GZO)1−x(YbSZ)x ceramics at 
200, 600 and 1000 °C.
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The average bond lengths are correlated with the strength of the 
bonds, corresponding to increased strength with reduced bond 
length. Assuming that there is a proportionality between aver-
age bond length and lattice parameter, the decreasing TEC for 
materials up to x = 0.82 correlate with a reduced lattice param-
eter (Table 1). However, the relation between lattice parameter 
and TEC is not so obvious for compositions with x > 0.82 and 
phase transitions between fluorite and tetragonal may also play 
a role. In addition, the anisotropic expansion of the tetrago-
nal phase will also lead to strain in these structures as opposed 
to structures with cubic symmetry and may add to the TEC 
[59]. Overall, the TEC values are seen to vary between 8 and 
11.5 ×  10–6  K−1, a somewhat expanded range compared to YSZ 
which typically vary between ~ 10 and 11 ×  10–6  K−1 in the tem-
perature range from 200 to 1000 °C [4].

Hardness

In general, the Vickers hardness should increase with average 
bond strength and as such correlate with the TECs. In Fig. 8, we 
compare the variation in TEC at 200 °C with Vickers hardness 
in the whole composition range. A correlation between TEC 
and hardness is seen, with a maximum in hardness close to the 
minimum in TEC and a reduction towards sample A and G.

Nano indentation

It was anticipated that the variation in the Young’s modulus 
(Fig. 6a) would comply with TEC and hardness values, since 
there is a clear relation between strength and elastic modulus. 
However, except from an enhancement in elastic modulus in 
the interval from sample A to B, the variation in elastic modu-
lus is scattered at even higher content of YbSZ. Based on the 

measurements we can conclude that the elastic modulus is 
enhanced by the addition of YbSZ, but the variation is partly 
in contradiction to TEC and hardness. Using the nanoindenta-
tion technique, only tiny volumes are indented, and the values 
are representative for very local area, even smaller than the 
individual grain in the materials, thus ruling out the effects of 
grain boundaries and pores. This may account for the lack of 
correlation between elastic modulus and TEC/hardness data.

Fracture toughness

It is well established that the fracture toughness decreases with 
increasing porosity for a single-phase material [60]. However, 
the fracture toughness also depends on several other param-
eters such as composition, structure and grain size as well as 
the presence of mechanisms able to enhance KIC [7, 31, 56, 
57, 61], which is why there is no simple relation between KIC 
and porosity in this case (Fig. 5a and Table 1). Also, lattice 
distortion combined with strain and enhanced disorder will 
affect the fracture toughness. Wang et al. [35] claimed that the 
fracture toughness of ceramics was determined by the cohe-
sive energy (bond strength) and showed that structural dis-
order and lattice distortion can enhance the cohesive energy. 
The measured fracture toughness in Fig. 5a correlates with 
the variation in TEC and hardness to a certain degree, with a 
maximum in toughness of 1.8 MPa  m0.5 at x = 0.82 (sample D) 
disregarding the high KIC of sample G. The fracture toughness 
therefore correlates well with the variation in bonding energy 
(cohesive energy) in correspondence with [35]. However, 
the significantly enhanced fracture toughness observed for 
sample G (x = 0.98) of 5.4 MPa  m0.5 is surprising. This value 
approaches KIC expected for transformation toughened PSZ 
(partially stabilized zirconia), where the toughening mecha-
nism is due to the presence of a tetragonal phase embedded in 
a cubic phase followed by a tetragonal to monoclinic transi-
tion (volume expansion) at the crack tip. Since the material 
with x = 0.98 is confirmed to be a single phase with tetragonal 
structure, the transformation toughening mechanism is not 
likely to take place. A possible explanation of the enhanced 
fracture toughness is the presence of the ferroelastic tetragonal 
phase (tʹ) although the sintering temperature was higher than 
the anticipated phase transition temperature between tʹ and t 
[17, 27]. An interesting follow up of this material would be a 
structural analysis in the vicinity of the crack. An improved 
thermal barrier coating (TBC) needs stable oxide materials 
with high TEC and high KIC. From this perspective composi-
tions with high content of YbSZ (around x = 0.98) will be pre-
ferred due to enhanced thermal expansion and fracture tough-
ness. However, this composition is close to pure YbSZ and it is 
questionable whether this composition will exhibit similar low 
thermal conductivity as GZO enriched compositions.

Figure 8:  Comparison of thermal expansion coefficient (200 °C) and 
Vickers hardness of the bulk (GZO)1−x(YbSZ)x samples.
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Conclusion
(GZO)1−x(YbSZ)x ceramics with x between 0 and 0.98 were 
successfully prepared. By a combination of XRD and Raman 
spectroscopy the phase relations were established showing the 
following phases with increasing x: Ordered pyrochlore (x = 0), 
disordered pyrochlore (0.60 < x < 0.74), fluorite (0.82 < x < 0.89), 
fluorite/tetragonal (x = 0.93) and tetragonal (x = 0.98). Vickers 
hardness and TEC were correlated showing a minimum in TEC 
and maximum in hardness (~ 11.5 GPa) at x = 0.82, reflecting 
the average bond strength of the compounds. At high tempera-
tures (1000 °C) the TEC for the end members, x = 0 and 0.98, 
were 11.4 and 11. 3 ×  10–6  K−1, respectively. The variation in KIC 
between x = 0 and 0.93 was small with an average value around 
1.5 MPa  m0.5, however, with a significantly higher value of 
5.4 MPa  m0.5 at x = 0.98. It is anticipated that the enhanced frac-
ture toughness is due to the presence of a ferroelastic tetragonal 
phase (tʹ). The elastic modulus varied between 200 and 225 GPa 
for the different materials. No clear correlation between elastic 
modulus and TEC/hardness was observed. For application as 
thermal barrier coatings for gas turbines, compounds with high 
content of YbSZ (around x = 0.98) is preferred due to high TEC 
and high KIC.

Materials and methods
Synthesis of GZO/YbSZ ceramics

5 mol%  Yb2O3-stabilized  ZrO2 powder (YbSZ) was prepared by 
co-precipitation [34].  Yb2O3 (Wanfeng Adv. Materials Tech. Co., 
Ganzhou (Jiangxi), China; purity ≥ 99.998%) and  ZrOCl2.8H2O 
(Merck, Darmstadt, Germany; purity ≥ 99.0%) powders were 
selected as starting materials and appropriate amounts were dis-
solved in hot diluted nitric acid, and deionized water (molality 
of the solutions corresponding to 0.015 mol  kg−1 and 0.31 mol 
 kg−1, respectively). The obtained solutions were subsequently 
mixed together under stirring to obtain a homogeneous solu-
tion. The resultant solution was added drop by drop to excess 
ammonia solution (pH > 12), and homogeneous gel-like precipi-
tates were obtained. The precipitates were filtered and washed 
with distilled water and ethanol to pH 7 [27]. The obtained pow-
der was dried at 110 °C for 18 h and subsequently calcined in 
air at 800 °C for 5 h.

The  Gd2Zr2O7 powder (GZO) was fabricated by the solid-state 
reaction method [62]. A mixture of  Gd2O3 (Wanfeng Adv. Materi-
als Tech. Co.,  Ganzhou (Jiangxi), China; purity ≥ 99.999%) and 
 ZrO2 (Sigma Aldrich, Taufkirchen, Germany, purity ≥ 99%, 5 µm) 
powders with a weight ratio of 1.47 was mechanically milled in a 
high energy planetary ball mill (Retsch PM100, Haan, Germany) 
using zirconia balls (15 mm diameter) in a polypropylene con-
tainer, including ethanol, for 24 h. The amount of powder was 

around 20 g in each batch. The milled powder was heat treated in 
air at 1600 °C for 5 h (heating and cooling rates 200 °C  h−1).

Finally, the GZO with different amounts of YbSZ powder 
(Table 1) were mixed in a ball mill (zirconia balls and ethanol) at 
a speed of 250 rpm for 10 h. The obtained mixed powders were 
uniaxially pressed followed by cold isostatic pressing (CIP) at 
200 MPa, and then reacted and sintered at 1600 °C in air for 10 h 
to make pellets for thermal and mechanical investigation. The 
samples are labelled from A to G, dependent on the amount of 
YbSZ. The dimension of the disc-shaped samples for mechanical 
measurements was 3 mm in height and 5 mm in diameter.

Characterization

The crystallographic structure and phase distribution of the pow-
ders and sintered samples were characterized by X-ray diffrac-
tion (XRD) (Bruker D8 DaVinci, (Billerica, Massachusetts, USA), 
using Cu Kα radiation and 2θ in the range from 20° to 90° at 0.02° 
 s−1. Raman spectra were recorded at the surface of the samples by 
a confocal Raman spectrometer (Witech, Alpha 300, Ulm, Ger-
many) in a backscattering geometry with a spectral resolution of 
1  cm–1 over a range from 100 to 3800  cm–1 with an excitation 
wavelength of 532 nm (frequency-doubled Nd-YAG laser oper-
ating at 66 mW power). For each sample, several Raman spec-
tra were recorded at different positions at the sample surface to 
ascertain reproducible and representative results. Illumination 
and detection were performed through a microscope objective at 
×50 magnification and a numerical aperture of 0.75. The micro-
structure of (GZO)1−x(YbSZ)x sintered bulk samples was charac-
terized by scanning electron microscopy (SEM) (Hitachi S-3400 N, 
Schaumburg, Illinois, USA) equipped with an energy dispersive 
X-ray spectrometer (EDS). The sintered samples were polished 
with a 1 µm alumina suspension, and thermally etched at 1500 °C 
for 0.5 h in air at cooling and heating rates of 400 °C  h−1. Grain size 
was measured by imageJ software. The thermal expansion coef-
ficient (TEC) of samples was measured with a high-temperature 
dilatometer (Netzsch DIL 402C, Selb, Germany), from room tem-
perature to 1400 °C in synthetic air using heating and cooling rates 
of 5 °C  min−1. The dimension of the samples for TEC measure-
ments was 20 mm in length and 5 mm in diameter.

The Vickers hardness (HV) of (GZO)1−x(YbSZ)x pellets was 
measured using a microhardness tester (Zwick/Roell, ZHV30, 
Kennesaw, USA) at a load of 300 g for 15 s, apart from the sample 
with x = 0.98 which was subjected to a load of 5 kg. At least 10 valid 
indentations were made for each sample and an average value was 
reported. The fracture toughness (KIC) was calculated based on 
the length of the cracks generated during indentation, using the 
following equation [35, 63]:

(1)KIC = 0.16HVa
2
c
−3/2
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where, a is the half-length of the indent diagonal, c is the half 
crack length measured from the middle of the indent to the tip 
of the crack.

The elastic modulus of the compounds was measured by 
nanoindentation [64] using a Hysitron Triboindenter 950 
instrument (Minneapolis, MN USA) at room temperature 
equipped with a pyramidal Berkovich tip at a linear loading/
unloading speed of 400 μN  s−1. Measurements were done in 
load control. The load–displacement history of the indenta-
tion was recorded for each sample, and the reported value was 
the average of at least 8 indentations.
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