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A B S T R A C T

Hydrothermal degradation deteriorates the fracture toughness and strength of tetragonal stabilised zirconia.
The phase transformation to the monoclinic phase is particularly critical for materials with lower stabiliser
content such as 2 mol% and 3 mol% yttria stabilised zirconia (2YSZ and 3YSZ). In this work, two routes in
two-step sintering and co-doping with calcium oxide are analysed to mitigate the degradation. Both strategies
show a reduction in average grain size of the 2YSZ while maintaining a comparable densification. The
achieved smaller grains suppress the hydrothermal degradation rates. In addition, a mitigating effect beyond
the reduction in grain size of YSZ is found for CaO doping. 1.6 mol% CaO co-doped 2YSZ shows less than
4% of monoclinic phase after 50 h in an autoclave with H2O at 134 ◦C. Pure 2YSZ contrarily reaches 100%
monoclinic phase after 20 h at the same conditions. A suppression of degradation by CaO doping was also
observed for the composite of nickel oxide and 3 mol% yttria stabilised zirconia. Hence, CaO co-doping can
be an interesting strategy to increase resistivity against hydrothermal degradation for both biomedical and
renewable energy applications. The findings further outline a route to achieve tetragonal YSZ with lower
yttria contents than 2 mol%.
].
1. Introduction

Stabilised zirconia ceramics comprise a wide spectrum of applica-
tions, ranging from biomedical implants [1–4] over thermal barrier
coatings [5,6] to electrolytes and mechanical support structures in solid
oxide cells (SOC) [7–9].

Each application has specific properties sought after in zirconia,
for example ionic conductivity of the cubic phase [9] or mechani-
cal strength of the tetragonal phase [2,4]. In general, pure zirconia
at atmospheric pressure exhibits three allotropic crystal structures in
monoclinic (m), tetragonal (t), and cubic (c) [10]. The three phases
display temperature dependent stability in pure zirconia, starting with
monoclinic up to 1170 ◦C, transforming into tetragonal, that is finally
stable up to 2370 ◦C, whereas cubic prevails at temperatures above
to the melting point [3]. A stabilisation of the cubic or tetragonal
phase down to room temperature (RT) can be achieved by doping
zirconia with a variety of oxides, as for example in yttria (Y2O3)
stabilised zirconia (YSZ) [11]. In addition, in zirconia stabilised by
an aliovalent dopant (e.g. Y3+ or Sc3+), oxygen vacancies form due
to charge compensation from the aliovalent cations compared to the
tetravalent Zr [12–15].

∗ Corresponding author.
E-mail address: julta@dtu.dk (J. Taubmann).

When zirconia is applied for its mechanical properties, the metastable
tetragonal phase is sought after, which can be stabilised by doping
smaller amounts of stabilisers compared to the cubic phase, for example
equal or less than 3 mol% of Y2O3 [3,10]. This metastability of
tetragonal YSZ means that the phase can transform into the monoclinic
phase under mechanical stress [16]. At a crack tip of a tetragonal
YSZ ceramic, the transformation of t- into m-phase acts to resist crack
propagation. This termed transformation toughening stems from the
volume expansion induced by the phase transformation and introduces
compressive stresses [17].

Despite the outstanding fracture toughness and strength of t-YSZ
due to transformation toughening, the transformation into the m-
phase can also have detrimental effects [10]. This generally termed
low-temperature hydrothermal degradation (LTD) of t-YSZ was first re-
ported by Kobayashi et al. for t-YSZ in humid atmospheres at 250 ◦C [18
LTD starts with a slow transformation of tetragonal into monoclinic
phase at the surface [10,18]. This is followed by microcracking, surface-
roughening, and grain pullout at the surface and ultimately, leads to a
loss of strength of the material [18–20].
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The proposed degradation mechanisms all consider the important
role of oxygen vacancies in the lattice of the tetragonal stabilised
zirconia [21–23]. The vacancies are characteristic for the crystal phase
and its stability, while further being preferred sites for H2O adsorption
and dissociation [21–24]. An uptake of, e.g. hydroxyls from the surface,
can then alter the defect/oxygen vacancy concentration necessary to
destabilise the t-phase and to cause the transformation into the m-
phase with a lower defect concentration [23,25]. Changes in the surface
structure (crack formation, roughening) can subsequently lead to LTD
progressing into the bulk of zirconia [10].

In order to mitigate LTD, the grain size of t-YSZ is one of the main
handles investigated. It has proven that tetragonal YSZ with a smaller
average grain size is more resistive against LTD [3,20,26,27]. A smaller
grain size of t-YSZ can be achieved by co-doping with other oxides [19].
Some examples of applied co-dopants are Al2O3 [28,29], SiO2 [28],
La2O3 [26], and CeO2 [30]. As a general trend, co-doped cations with
larger ionic radius result in smaller grains due to enhanced surface
and grain boundary segregation while sintering the stabilised zirconia
(SZ) [31,32]. However, some co-doping, e.g. by La2O3, can reduce
densification of YSZ, harming its functional properties [33].

In addition, the sintering temperature can be used to control grain
growth [19,34]. Several studies indicate an increased degradation of
polycrystalline tetragonal SZ after sintering at higher temperatures
caused by enlarged grains. This can ultimately degrade the mechan-
ical strength and toughness [3,19,34,35]. Therefore, a reduction in
sintering temperature can improve resistivity against LTD.

However, a mere decrease in sintering temperature can be an un-
feasible route for reducing grain sizes because of limited densification
at lower temperatures [36]. Lower densification of SZ significantly
reduces the toughness and strength, which are often desired functional
properties of tetragonal SZ [2,20,37]. Moreover, porosity due to lower
densification results in H2O penetrating the bulk and reacting on the
increased surface area. Porosity is also undesirable for biomedical
applications, e.g. in dental implants [2].

A balance must hence be found between small average grains by
reduced sintering temperatures while maintaining sufficient densifi-
cation. Here, multi-step sintering profiles have shown promise for
controlling densification [19] and grain growth in stabilised zirco-
nia [38]. These implications have further been linked to lower rates
of LTD and improved strength and toughness of SZ [39,40].

In the present work, both co-doping of t-YSZ and two-step sintering
are applied to study and suppress LTD of 2 mol% yttria stabilised
zirconia (2YSZ). 2YSZ demonstrates outstanding fracture toughness and
strength due to a high transformability [41–43]. For example, the
fracture toughness of 2YSZ (8.6 MPa m1∕2) compared with 3YSZ (4.1
MPa m1∕2) is more than twice as high [43]. 2YSZ is however prone
to rapid LTD in humid atmospheres due to the low concentration of
stabiliser in the zirconia lattice [3,27,43]. To that effect, 2YSZ is less
widely researched and research often focuses on tetragonal YSZ with
higher yttria contents (e.g. 3YSZ).

Nonetheless, an ageing-resistant 2YSZ can be paramount for ap-
plications in which transformation toughening plays a key role, and
tetragonal YSZ with lowest yttria content is sought after. Therefore, the
study assesses the role of co-doping with calcium oxide and two-step
sintering for a possible mitigation of the low temperature hydrother-
mal degradation. CaO stabilisation of ZrO2 has previously shown to
result in small grain sizes (around 100 nm when sintered at 1300 ◦C)
and lower degradation rates compared with tetragonal YSZ. The ap-
proach further produced promising mechanical properties (toughness)
when care is taken to omit the formation of cubic phase by sintering
temperature and doping content [44,45].

To investigate the effect of the co-dopant content on 2YSZ, we used
0.4, 0.8, and 1.6 mol% CaO added to 2YSZ, allowing a quantitative
comparison with the degradation of pure 2YSZ. Moreover, the effect of

heat treatment on the grain growth of the plain and co-doped 2YSZ
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was analysed by varying sintering temperatures and applying two-
step sintering profiles. To consider possible negative effects on the
functional properties of 2YSZ by co-doping and two-step sintering, the
densification was measured to assure comparability between specimens
in terms of available surface area during degradation testing.

We further extended the study of CaO co-doping to the composite
of 3YSZ and nickel oxide (NiO). This cermet is typically applied as
mechanical support structure of solid oxide fuel and electrolysis cells.
Even though the cells are operated at temperatures (600–900 ◦C) above
the typically reported temperature range for LTD of RT-400 ◦C [10],
LTD of t-YSZ in SOCs was observed previously [46,47]. Since gas
atmospheres with H2O are common as a reactant during electrolysis
or as a product in fuel cell mode, the conditions resemble those of LTD
reported during exposure to gaseous H2O [10,18]. Especially during
heating or cooling in humid atmospheres, rapid LTD of the composite
can occur [47]. Hence, the phase transformation of the mechanical
support into m-YSZ, similarly to other applications, can reduce strength
of the structure up to cell failure [46,47].

2. Material and methods

2.1. Sample preparation

Commercially available powders of TZ-2Y (Tosoh, Japan) and CaO
(Sigma-Aldrich, United States of America) were used in the study.
The respective mixture of 0.4, 0.8, and 1.6 mol% CaO in 2YSZ was
prepared by dissolving the CaO in distilled water, then adding 2YSZ
and subsequently drying the powder mixture. For NiO/YSZ, nickel
oxide (Inframat Advanced Materials, United States of America), TZ-
3Y (Tosoh, Japan), and CaO (Sigma-Aldrich, United States of America)
powder were mixed in ethanol for 24 h. The samples consisted of a
NiO to 3YSZ ratio of 55 wt% to 45 wt%, as in a standard support [48]
for an SOC, and were co-doped with 0.8 mol% and 1.6 mol% of CaO.
The amount of CaO was added according to both NiO and 3YSZ due to
the unknown interaction of CaO and NiO. Hence, the mole fraction in
relation to 3YSZ was ultimately 2.3 mol% CaO for 0.8 mol% co-doped
NiO/3YSZ and 4.6 mol% CaO for 1.6 mol% co-doped NiO/3YSZ.

The resulting powders were pressed to pellets in an uniaxially press
(PW 10, P-O-Weber, Germany). A 50 wt% PVP (Polyvinylpyrrolidone,
Sigma-Aldrich, United States of America) in water mixture was added
as a binding agent for the shaping process. A uniaxial pressure of 50
MPa was applied for 30 s while forming the pellets with a thickness
of 2 mm and diameter of 16.5 mm. Afterwards, the pellets were cold-
isostatically pressed (Stenhøj 100, Denmark), applying a pressure of
500 MPa for 30 s.

2.2. Heat treatment

The prepared pellets were heat treated in air with three different
sintering profiles. During all the programs, the samples were heated
to 500 ◦C with a heating rate of 120 ◦C/h for a slow burning off
of the organic additive. Afterwards, a heating rate of 360 ◦C/h was
applied to reach the sintering temperature. Once the profiles were
completed, the samples were cooled down with a rate of 360 ◦C/h to
room temperature. The following three heat treatment programs were
used in the study:

• Program 1 (P1): Three sintering temperatures of 1250, 1300 and
1400 ◦C were researched for program 1. The pellets remained
for 5 h at the respective temperatures before cooling down. The
programs are abbreviated in the remainder of the manuscript as
P1-1250 ◦C, P1-1300 ◦C, and P1-1400 ◦C.

• Program 2: The sintering temperatures of 1400 and 1450 ◦C
were investigated in program 2. The pellets were sintered for
0.05 h (3 min), cooling down immediately after. The programs

◦ ◦
are abbreviated as P2-1400 C and P2-1450 C.
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• Program 3: A two-step sintering program was chosen as the
third program, heating to the peak temperature as the first step
and cooling down immediately after to the dwell-temperature as
the second step. The peak temperatures were 1350 and 1400 ◦C
with the dwell-temperature either 100 ◦C or 150 ◦C below. The
first-step temperature was held for 0.05 h (3 min). Then, the
furnace cooled down to the second-step temperature at which
the samples annealed for 5 h. The programs are abbreviated as
P3-1350-1250 ◦C, P3-1400-1250 ◦C, and P3-1400-1300 ◦C.

.3. Accelerated ageing

The low temperature degradation of the samples was tested in an
utoclave filled with distilled water and brought to a pressure of 2 bar
t 134 ◦C. At the same temperature and in steam, 80% of monoclinic
hase were generated over ca. 15 h for plain 3YSZ [35]. In order to
ssess the effect of the addition of CaO and the two-step sintering, the
amples were aged over 50 h to compare the degradation rates. The
xposures were interrupted after several intervals and the samples were
haracterised by XRD to quantify the volume fraction of the monoclinic
hase.

.4. Densification

The density of the sintered pellets was measured via the Archimedes
rinciple. The samples were immersed in distilled water, whereas the
ensity of the pellet can be calculated from Eq. (1).

𝑝 =
𝑚𝑝

𝑚𝑝 − 𝑚𝑤
𝜌𝑤 (1)

The density of the pellet 𝜌𝑝 is given as function of the pellet weight 𝑚𝑝,
he weight of the pellet immersed in distilled water, and the density
f distilled water 𝜌𝑤. The density of each pellet was compared with
he theoretical density of 6.1 g∕cm3 given for 2YSZ by the supplier
Tosoh, Japan). The mixture density in the case of co-doped 2YSZ
as calculated according to the mole fractions between CaO/2YSZ
nd is used to determine the densification. It is further noteworthy
hat the Archimedes method as applied here is not ASTM (American
ociety for Testing and Materials) standardised since the standards for
eramics require placing the samples in boiling water, which could
rreversibly degrade the samples of this study before any ageing test.
herefore, a commercially available setup (Mettler Toledo) for the
ssessment of densification with the Archimedes method was used.
o verify this non-standardised method, the shrinkage and weight of
pecimens were measured to compare the densification between both
ethods. The results of this comparison can be seen in Fig. 3. The

lectron microscopy images taken from all samples surfaces further
how the high densification of the specimens. The agreement of these
hree independent techniques indicates that the Archimedes method, as
pplied in this study, is accurate and can give a valid indication of the
ensification of the samples.

.5. Scanning electron microscopy

The grain size of the samples was analysed using a field emission
canning electron microscope (FE-SEM, Merlin, Carl Zeiss, Germany).
n order to investigate the size of the grains of each sample, the sintered
ellets were polished down to sub-μm finish starting with SiC polishing
iscs down to dedicated fibres and a diamond polishing paste (Struer’s
quipment). The prepared samples were subsequently thermally etched
o reveal the grains at the polished surface of the ceramics by heating
hem to 50 ◦C below the sintering temperature [49]. The grain size
or each sample was subsequently determined from the diameter of
pproximately 350 grains from three SEM images per sample by the im-
ge processing software ImageJ. Energy dispersive X-ray spectroscopy

EDS) with a Bruker XFlash 6-60 detector was used to map the surface

43110
of the samples and to analyse possible secondary phase formation by
co-doping with CaO. The acceleration voltage was 10 kV for the EDS
maps and the peaks from ionisation in the O K shell at 0.525 keV, the
Zr LA at 2.044 keV, the Ca KA at 3.691 keV, the Y L at 1.943 keV, and
the Ni L at 0.840 keV were used.

2.6. X-ray diffraction

The crystalline phases were studied by X-ray diffraction (XRD),
using a Rigaku Miniflex 600 XRD (Rigaku, Japan) with Cu-K𝛼 radiation.
The diffraction patterns were collected in the 2-theta range of 10–90◦

with a scan speed of 5 ◦/min and a step size of 0.02◦. The peaks of
interest are at 28.174◦ and 31.467◦ for monoclinic zirconia of the (111)
nd (111) orientation and at 30.211◦ for tetragonal zirconia of the (101)

orientation. The integrated peak areas can then be used to calculate
the fraction of monoclinic to tetragonal crystal-phase after the works
of Garvie and Nicholson [50] as well as Toraya et al. [51].

𝑋𝑚 =
𝐼𝑚(111) + 𝐼𝑚(111)

𝐼𝑚(111) + 𝐼𝑚(111) + 𝐼𝑡(101)
(2)

he ratio 𝑋𝑚 of monoclinic phase is derived according to Eq. (2)
ith the XRD peak intensities 𝐼 and subscripts for monoclinic (m) and

etragonal phase (t), respectively.

𝑚 =
1.311𝑋𝑚

1 + 0.311𝑋𝑚
(3)

Ultimately, Eq. (3) gives the volume fraction of monoclinic phase.

2.7. Raman spectroscopy

A Renishaw InVia Raman spectrometer system was used to acquire
the Raman spectra presented in this study. The spectra were collected
with a 532 nm wavelength diode laser with a laser power of less than
8 mW at the sample surface. Micro Raman spectroscopy with a 50x
microscope objective (laser spot size of approximately 1 μm) was used
to collect spectra at nine different locations for each sample.

2.8. Thermogravimetric analysis

Thermogravimetric analsyis (TGA) was performed to determine the
amounts of Ca(OH)2 and CaCO3 in the CaO powder and thereby, the
CaO doping content after sintering. A NETZSCH STA 449F3 was used
for the thermogravimetry with an Ar atmosphere and a heating rate of
5 K/min from 20 to 800 ◦C.

3. Results

In the following the effect of sintering profile and addition of
CaO are presented in terms of densification, grain size, and extent of
hydrothermal degradation.

3.1. XRD of raw powders

The XRD of the as received powders, before preparing the respective
co-doped 2YSZ and co-doped composite NiO/3YSZ mixtures, can be
seen in Fig. 1. The 2YSZ and 3YSZ powders (Tosoh, Japan) show both
peaks of the monoclinic and tetragonal phase. The clearly separable
peaks for monoclinic in blue and tetragonal in black are indexed
in Fig. 1 (a) and (b) for 2YSZ and 3YSZ. All peaks are indicated
as lines beneath the XRD pattern according to files ICSD (Inorganic
Crystal Structure Database) #75309 for tetragonal and ICSD#38870
for monoclinic YSZ. The XRD of the NiO powder (Inframat Advanced
Materials, United States of America) in Fig. 1 (d) shows the expected
cubic NiO peaks in agreement with ICSD#9866.

In Fig. 1 (c), the XRD pattern of the CaO powder (Sigma-Aldrich,
United States of America) reveals additional phases ascribed to hexag-
onal Ca(OH) (space group P3m1; ICSD#15471) and traces of trigonal
2
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Fig. 1. XRD of the powders used in this study from (a) 2YSZ, (b) 3YSZ, (c) CaO to (d) NiO.
aCO3 (space group R3cH; ICSD#20179), besides the expected cubic
aO (ICSD#14922). Both phases are not critical for the sintering pro-
ess at the temperatures evaluated here, since Ca(OH)2 decomposes to

CaO in the range of 320–512 ◦C [52,53] and CaCO3 to CaO in the range
f 490–800 ◦C [53–56]. However, the composition of the powder is
f importance in terms of the exact mol% of CaO doping of the final
intered pellets. Therefore, TGA was performed to assess the amount
f CaO present above 800 ◦C, which ultimately leads to the mol% CaO
o-doping reported in 0.4 mol%, 0.8 mol% and 1.6 mol%.

The TGA of the CaO powder can be seen in Fig. 2, showing the
ass loss with increasing temperature. A first drop in mass is measured
ith the starting decomposition of Ca(OH)2 around 350 ◦C (marked by

1)) [52,53]. The second mass loss appears around 570 ◦C and can be
scribed to the decomposition of CaCO3 (marked by (2)) [53–55]. The
arger mass loss with the Ca(OH)2 decomposition agrees well with the
RD of the raw powder, that indicates mostly CaO and Ca(OH)2 in the
owder with only a minor fraction of CaCO3.

.2. Densification

Fig. 3 displays the trends in densification according to CaO content
nd sintering profile. To confirm the applicability of the Archimedes
ethod for the samples of this study, the densification was measured

ased on the geometry and weight of the samples, which is shown in
ig. 3 as black bars for P1-1300 ◦C and P1-1400 ◦C. Further, the high
ensification can be visually confirmed by the SEM images taken from
ll the sample surfaces.

Following observations can be made:
(1) The densification increases with higher sintering temperatures,

tarting at values around 95% for P1-1250 ◦C and increasing to values
◦
round 99% densification for P1-1400 C.

43111
Fig. 2. TGA of the CaO powder is shown for the treatment in Ar with 5 K/min from
20 to 800 ◦C. The two mass losses for Ca(OH)2 and CaCO3 are marked by (1) and (2),
respectively.

(2) The different sintering profiles (P1, P2, and P3) produce differ-
ing densification. For example, the comparison between P1-1400 ◦C
and P2-1400 ◦C shows a 1% higher densification for P1 and an anneal-
ing time of 5 h over 3 min for P2. However, a similar densification
around 99% is reached with the two-step sintering profile of P3-1400-
1300 ◦C. This is despite of the annealing time in P3 at 1400 ◦C
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Fig. 3. The densification listed for each sintering program and CaO content. For P1-
1300 and P1-1400 ◦C, the densification determined from the shrinkage and weight is
given as a reference by the black bars.

matching the time in P2. The 5 h dwell time at 1300 ◦C proofs
beneficial in terms of densification. A higher temperature for P2, as
in P2-1450 ◦C, increases densification to values comparable with P1-
1400 ◦C. This indicates that a higher peak sintering temperature can
compensate for shorter dwell times during sintering. The two-step
sintering profiles P3-1350-1250 ◦C and P3-1400-1250 ◦C showcase
the importance of the second step in two-step sintering. A 2% lower
densification is achieved with the second temperature being 1250 ◦C
instead of 1300 ◦C.

(3) At peak sintering temperatures above 1300 ◦C, the co-doping
with CaO shows no effect on the densification with increasing CaO
content. A sintering temperature of 1250 ◦C results in the lowest
ensification for 1.6 mol% CaO. The discrepancies with the next lowest
ensification are in the range of 0.2 to 2%.

An important observation is the insignificance of the addition of
aO on the densification of the samples. An enhanced porosity of
amples could ultimately affect the degradation by an increased surface
rea for a reaction and/or diffusion of water or reaction intermediates
eading to the onset of hydrothermal degradation [2,57]. A lower
ensification could additionally decrease the mechanical properties of
Z [2,5]. Thus, these results allow the comparison of degradation rates
f different sintering profiles and CaO contents.

.3. Grain size

The grain size of stabilised zirconia is an important descriptor for
he stability against hydrothermal degradation. To determine the grain
ize distribution, the grains of each sample were quantified via SEM
mages. Even without analysing the grain sizes in the respective SEM
mages, a clear distinction is visible between the surface of pure 2YSZ
nd 1.6 mol% CaO co-doped 2YSZ. This can be seen in Fig. 4 in which
our SEM images visualise the grains of (a) plain 2YSZ and (b) 1.6
ol% CaO doped 2YSZ sintered by P3-1350-1250 ◦C and for the profile
1-1250 ◦C in (c) pure 2YSZ and (d) 1.6 mol% CaO co-doped 2YSZ.

Less variations in grain size throughout the SEM image are visible
or the 1.6 mol% CaO co-doped sample. In Fig. 5, the grain size
istributions of P1-1250 ◦C and P3-1350 ◦C–1250 ◦C are illustrated
or plain 2YSZ and 1.6 mol% CaO co-doped 2YSZ. All grain size
istributions were also fitted to a respective log-normal distribution.
he distribution of both heat treatment profiles becomes narrower and
oves towards smaller grain sizes for samples with 1.6 mol% CaO
ompared to pure 2YSZ.

43112
Table 1 summarises the average grain sizes of the six different sin-
ering profiles and for plain 2YSZ, 0.4 mol%, 0.8 mol%, and 1.6 mol%
aO co-doped 2YSZ. The sintering profiles of P1-1250 ◦C, P1-1400 ◦C,

P2-1400◦, P2-1450 ◦C, P3-1350-1250 ◦C, and P3-1400-1250 ◦C are
listed, and the standard deviation is given in brackets behind the
average grain size. A decreasing average grain size can be seen in
Table 1 with increasing mole fraction of CaO. The trend is independent
of sintering profile and sintering temperature. Highest average grain
sizes are always found for pure 2YSZ and the size decreases with
enhancing the mole fraction of CaO.

The sample P2-1400 ◦C depicts an outlier of the trend with a
stagnant average grain size between 0.8 mol% and 1.6 mol% of CaO.
Since this was not observed for any other sintering profile, it seems
to be influenced by the limitations in the measurement of grain sizes
restricted to micrometre sized surface areas rather than a limit of
smallest grain size for P2-1400 ◦C.

The choice of sintering temperature and profile influences the grain
size and in general, a higher sintering temperature leads to larger
grains. The annealing time at the sintering temperature further affects
the size of the grains. This can be seen in the comparison between P1-
1400 ◦C and P2-1400 ◦C in which 3 min at 1400 ◦C in P2 create smaller
grains than with a dwell time of 5 h in P1.

Furthermore, the highest temperature, even for 3 min, defines the
average grain distribution more than any dwell time at a lower tem-
perature afterwards. This can be seen for P2-1400 ◦C and P3-1400-
250 ◦C. There, the temperature of 1400 ◦C produces similar grain sizes
cross all CaO contents and the 5 h dwell time during P3 has only a
inor effect, as it can be seen for 0.4 and 0.8 mol% CaO with 9–13 nm

maller grains with P2.
These two cases indicate the dominant role of the first step of the

wo-step sintering on the grain growth of 2YSZ. The importance of the
irst sintering step agrees well with what was previously found, for
xample for cubic-YSZ sintered by two-step profiles [39]. The size of the
rains is therefore largely defined by the highest temperature a sample
xperiences instead of the time the sample remains at a lower sintering
emperature afterwards.

The extent of grain size reduction between sintering profiles for 1.6
ol% CaO doped 2YSZ and pure 2YSZ can be determined as 38% for
1-1250 ◦C, 29% for P1-1400 ◦C, 35% for P2-1400 ◦C, and 35% for
3-1400 ◦C-1250 ◦C. The lowest value of 29% for the 5 h sintering
ime at 1400 ◦C indicates a decrease in average grains size reduction
t higher sintering temperatures.

.4. Hydrothermal degradation

The initial crystalline structure of all 2YSZ-CaO samples was as-
essed by XRD before the start of the hydrothermal ageing tests and
ompared to references for monoclinic and tetragonal zirconia pro-
ided by the ICSD (Inorganic Crystal Structure Database) and ICDD
International Centre for Diffraction Data) with file numbers 37-1484
or monoclinic and 00-060-0502 for tetragonal zirconia, respectively.
he observed peaks are indexed accordingly in Fig. 6 (a) for the
intering program P1-1300 ◦C. It becomes apparent, that besides the
etragonal peaks of 2YSZ, the pure 2YSZ shows initial monoclinic phase
orrelating to ca. 5% monoclinic fraction across all pure 2YSZ samples.

Raman spectroscopy was applied as a confirmatory technique for
he crystal phases assigned by XRD. This is exemplified in Fig. 6 (b)
or samples sintered by P1-1300 ◦C, revealing all typically observed
eaks at 147, 261, 318, 463, 611, and 641 cm−1 for tetragonal zirconia
marked in Fig. 6 (b) by black lines with t-ZrO2), as for example
ssigned in Refs. [58,59]. The strong Raman bands for monoclinic
irconia at 179, 191 and 478 cm−1 are marked as well as two weaker
ands (381 and 537 cm−1) that are not overlapping with tetragonal

peaks and are hence visible (marked by blue lines with m-ZrO2 in
Fig. 6 (b)) [60]. The monoclinic peaks only appear, to a locally varying

extent as observed by micro-Raman spectroscopy, in the pure 2YSZ
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Fig. 4. SEM images to illustrate the grain sizes of (a) pure 2YSZ and (b) 1.6 mol% CaO co-doped 2YSZ sintered with P1-1250 ◦C as well as (c) 2YSZ and (d) 1.6 mol% CaO
co-doped 2YSZ sintered with P3-1350-1250 ◦C.
Table 1
Averaged grain size of sintering programs P1-1250 ◦C, P1-1400 ◦C, P2-1400 ◦C, P2-1450 ◦C, P3-1350-1250 ◦C, and P3-1400 ◦C-1250 ◦C listed
for pure 2YSZ, 0.4 mol% CaO, 0.8 mol% CaO, and 1.6 mol% CaO co-doped 2YSZ. The standard deviation of the grain size is given in brackets
behind the grain size.

2YSZ 0.4CaO-2YSZ 0.8CaO-2YSZ 1.6CaO-2YSZ

P1-1250 ◦C 199 nm (±73 nm) 173 nm (±63 nm) 138 nm (±58 nm) 123 nm (±42 nm)
P1-1400 ◦C 288 nm (±113 nm) 232 nm (±96 nm) 242 nm (±101 nm) 205 nm (±83 nm)
P2-1400 ◦C 252 nm (±79 nm) 199 nm (±69 nm) 164 nm (±61 nm) 164 nm (±53 nm)
P2-1450 ◦C 279 nm (±100 nm) 252 nm (±74 nm) 237 nm (±73 nm) 201 nm (±63 nm)
P3-1350-1250 ◦C 203 nm (±79 nm) 165 nm (±61 nm) 147 nm (±57 nm) 132 nm (±46 nm)
P3-1400-1250 ◦C 249 nm (±83 nm) 208 nm (±56 nm) 177 nm (±65 nm) 163 nm (±44 nm)
samples. This agrees with the findings from XRD, which only showed
a monoclinic fraction in the pure 2YSZ case, and related literature on
CaO doping of ZrO2 in Ref. [60].

The XRD results in the characteristic range of 27–32◦ 2𝜃 depict
the increasing monoclinic volume fraction over the ageing time during
LTD. In Fig. 7, the evolution of the three peaks is shown for the
sintering profile of P2-1450 ◦C and for pure 2YSZ (solid line) as well as
1.6 mol% CaO doped 2YSZ (dotted line) over the course of 19 h with
XRD measurements after 3 h and 9 h. The (111) monoclinic and (101)
tetragonal SZ peaks are shifted to the left from the expected positions
at 28.174◦ and 30.211◦ in Fig. 7 due to the sample height not being
perfectly aligned for the XRD measurements. The shift is uniform for the
peaks and only the integrated peak areas are used for the monoclinic
phase calculations. Therefore, the analysis of the monoclinic fraction
remains valid. In addition, the correct peak position can indeed be
measured as illustrated by the XRD collected on the pristine samples in
Fig. 6, confirming the correct assignment of monoclinic and tetragonal
SZ phases.
43113
Fig. 8 (a), (b) and (c) summarises the evolution of the monoclinic
fraction for plain 2YSZ, 0.4 mol%, 0.8 mol%, and 1.6 mol% CaO co-
doped 2YSZ sintered with (a) P1-1250 ◦C, (b) P3-1350-1250 ◦C and
(c) P2-1450 ◦C. Both figures illustrate the reduced transformation of
tetragonal zirconia into the monoclinic phase with the addition of CaO.
The samples with 0.4 mol% added CaO show a slightly suppressed
degradation rate, reaching a complete monoclinic phase content after
around 10 h. Samples containing 0.8 mol% CaO delay the phase
transformation further while propagating to a volume fraction of ca.
90% after 50 h. In the case of 1.6 mol% CaO co-doped 2YSZ, the XRD
measurements reveal less than 4% monoclinic phase for all sintering
profiles after the test duration of 50 h.

Fig. 8 shows that the transformation of samples with 0.4 mol% CaO
is only slightly suppressed as can be seen in (a) and (b) with comparable
degradation rates to pure 2YSZ or an absent effect as in (c). The
rapid and immediate onset of phase-transformation in pure 2YSZ was
previously reported [26]. In this study, the initially present monoclinic
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Fig. 5. Grain size distributions of sintering program P1-1250 ◦C in (a) and program P3-1350-1250 ◦C in (b) depicted for pure 2YSZ and 1.6 mol% CaO co-doped 2YSZ.
Fig. 6. XRD of samples of different CaO co-dopant contents sintered with program P1-1300 ◦C in (a) and respective Raman spectra for the same samples in (b). XRD peaks
for tetragonal (t), monoclinic (m) and the sample holder (holder) are indexed as well as characteristic Raman spectroscopy peaks for tetragonal SZ (t-ZrO2) and monoclinic SZ
(m-ZrO2).
volume fraction for pure 2YSZ in the range of 5% is further noteworthy.
The sintering profile has no observable effect on the initial monoclinic
fraction. This can be ascribed to the smaller grain size of 2YSZ sintered
at lower temperatures (P1-1250 ◦C) as well as the stabilising effect of
igh densification for high temperature sintered samples (P2-1450 ◦C).

The latter was previously ascribed to the decreasing elastic modulus
with higher porosity (free surface energy), which can destabilise the
tetragonal phase during cooling down after sintering [61,62].

Parts (a), (b) and (c) of Fig. 8 illustrate similar degradation profiles.
The slightly smaller grain sizes of P1-1250 ◦C seem not to result in
ny observable suppression of LTD. On the contrary, the samples of
3-1350-1250 ◦C show a slower rate of LTD in the cases of pure 2YSZ
nd 0.4 mol% CaO. P2-1450 ◦C possesses an even slower LTD rate for
ure 2YSZ than P3 and P1 and a similar rate for 0.4 and 0.8 mol% CaO.
.6 mol% CaO co-doped 2YSZ demonstrates a comparable rate between
ll three sintering profiles and the monoclinic fraction is less than 4%
fter 50 h.

.5. Ageing kinetics

The ageing kinetics of tetragonal zirconia in terms of formation of
onoclinic phase, expressed by the monoclinic volume fraction 𝑉𝑚,

can be described by the Mehl–Avarami–Johnson formalism [10,12].
The analysis yields characteristic ageing parameters in 𝑛 related to the
43114
geometry of the transformation and 𝑏 as the kinetic rate of tetragonal
to monoclinic transformation [27,63]. The parameters can be acquired
by fitting the following function to the ageing profiles of 2YSZ and CaO
doped 2YSZ prepared with different sintering profiles.
𝑉𝑚 − 𝑉𝑚,0

𝑉𝑚,𝑠𝑎𝑡 − 𝑉𝑚,0
= 1 − 𝑒𝑥𝑝

(

− (𝑏 𝑡)𝑛
)

(4)

In the equation above, the initial volume fraction 𝑉𝑚,0, the saturation
volume fraction 𝑉𝑚,𝑠𝑎𝑡 of monoclinic phase are used to determine the
rate of phase transformation from tetragonal to monoclinic.

The extracted parameter and initial and final volume fraction of
monoclinic phase can be found in Table 2 for P1-1250 ◦C, P3-1350-
1250 ◦C, and P2-1450 ◦C. All the samples reached a monoclinic satu-
ration volume fraction close to 100% after the 50 h test period with
the exception of 1.6 mol% CaO co-doped 2YSZ which remained below
4%. One outlier is the pure 2YSZ sample sintered with P1-1250 ◦C,
which became too brittle and crumbled before completing the full
transformation to monoclinic.

For most of the specimens, the 𝑛 value decreases with CaO content.
This trend is similar to related research on the addition of La2O3 to
3YSZ [27]. The values from Zhang et al. [27] are given as reference
in Table 2. The degradation rate 𝑏 also decreases with increasing the
CaO content, following the trends of the degradation curves. For the

0.8 mol% CaO co-doped samples, the highest 𝑏 value is observed for the
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Fig. 7. XRD of the sintering program P2-1450 ◦C for 2YSZ (solid line) and 1.6 mol%
CaO co-doped 2YSZ (dashed line) highlight the evolution of the pattern up to 19 h.
The peaks for monoclinic SZ (m-SZ) and tetragonal SZ (t-SZ) are indexed accordingly.

Table 2
Parameters of the ageing kinetics listed for P1-1250 ◦C, P3-1350 ◦C-1250 ◦C, and
P2-1450 ◦C and 2YSZ, 0.4 mol% CaO, 0.8 mol% CaO, and 1.6 mol% CaO co-doped
2YSZ, respectively. The parameters are the geometry factor 𝑛, the kinetic rate 𝑏, the
initial monoclinic volume fraction 𝑉𝑚,0, and the saturation monoclinic volume fraction
𝑉𝑚,𝑠𝑎𝑡. In brackets behind the values, the parameters for pure 3YSZ (next to pure 2YSZ),
1 mol% La2O3 co-doped 3YSZ (next to 0.8 mol% CaO), and 2 mol% La2O3 co-doped
3YSZ (next to 1.6 mol% CaO) can be found as a reference according to Zhang et al.
[27].

P1-1250 ◦C

2YSZ 2YSZ-0.4CaO 2YSZ-0.8CaO 2YSZ-1.6CaO

𝑛 – 1.93 1.89 (1.3) 1.63 (1.3)
𝑏 [ℎ−1] – 0.109 0.046 (0.09) 0.069 (0.057)
𝑉𝑚,0 [%] 3.2 0.8 0.0 0.0
𝑉𝑚,𝑠𝑎𝑡 [%] 73.2 96.7 93.4 0.7

P3-1350 ◦C-1250 ◦C

2YSZ 2YSZ-0.4CaO 2YSZ-0.8CaO 2YSZ-1.6CaO

𝑛 1.39 (1.53) 1.76 2.39 (1.3) 0.98 (1.3)
𝑏 [ℎ−1] 0.125 (0.114) 0.116 0.055 (0.09) 0.063 (0.057)
𝑉𝑚,0 [%] 6.0 0.0 0.0 0.0
𝑉𝑚,𝑠𝑎𝑡 [%] 98.7 98.4 94.3 2.8

P2-1450 ◦C

2YSZ 2YSZ-0.4CaO 2YSZ-0.8CaO 2YSZ-1.6CaO

𝑛 2.47 (1.53) 2.30 2.04 (1.3) 2.98 (1.3)
𝑏 [ℎ−1] 0.060 (0.114) 0.080 0.055 (0.09) 0.039 (0.057)
𝑉𝑚,0 [%] 4.0 0.6 0.0 0.0
𝑉𝑚,𝑠𝑎𝑡 [%] 96.2 97.1 96.1 3.7

lowest sintering temperature of 1250 ◦C with smallest average grains.
The rates are even more reduced than for the 1mol% La2O3 co-doped
3YSZ [27] (brackets in Table 2), which as a plain material is more
resistant to LTD than 2YSZ. The lower sintering temperatures of the
2YSZ investigated in this study also lead to lower rates of degradation
𝑏 (here below 0.3 h−1) in comparison with a previous study on 2YSZ,
which reported 𝑏 = 0.5 h−1 for 2YSZ sintered 2 h at 1450 ◦C [43].

3.6. Composite NiO/3YSZ

In terms of mitigating LTD in the composite of NiO/3YSZ, the effect
of CaO on the grain growth shows a similar trend as for 2YSZ. The
average grain size of 3YSZ in NiO/3YSZ is found to be 234 nm, whereas
the 0.8 mol% CaO co-doped sample has an average of 185 nm sintered
with P1-1300 ◦C. Both values are larger compared to 203 nm of pure
43115
2YSZ and 147 nm of 0.8 mol% CaO co-doped 2YSZ sintered with
P3-1350-1250 ◦C. The grain size distribution of NiO/3YSZ becomes
narrower and the average grain size reduces due to the presence of 0.8
mol% CaO. The densification remains high for the 0.8 mol% co-doped
samples with 95% compared to 96% for the plain NiO/3YSZ.

The initial crystalline structure of all samples was investigated by
XRD, as is shown in Fig. 9 (a) for pure NiO/3YSZ and the CaO co-
doped samples. The characteristic orientations of tetragonal and cubic
zirconia as well as cubic NiO are marked in Fig. 9 (a) according
to ICSD and ICDD files (00-060-0502 for tetragonal and 30-1468 for
cubic zirconia). As a confirmatory technique of the crystal structure,
Raman spectroscopy was applied as shown in Fig. 9 (b) with the
characteristic peaks for tetragonal SZ (as mentioned above in the 2YSZ
section) and NiO marked following established literature [58,59,64].
The characteristic NiO first order modes at 420 and 520 cm−1, and
second order modes at 700, 906, and 1090 cm−1 are marked by the
blue lines in Fig. 9 (b) [64,65].

Both techniques indicate fully tetragonal 3YSZ in the pure NiO/3YSZ
case. The XRD analysis further reveals some cubic stabilised zirconia,
which can be attributed to the high CaO content, especially for the
1.6 mol% CaO co-doped sample. The additional peaks at 34.8, 59.7
and 73.7◦ are highlighted in Fig. 9 (c) for cubic stabilised zirconia.

owever, the results of Raman spectroscopy with characteristic peaks
or tetragonal zirconia indicate that the majority of grains still remains
etragonal.

Comparing XRD results of ageing after 124 h in Fig. 9 (d), a more
ronounced monoclinic peak, at 28–28.5◦, is visible indicating the
ffect of the smaller grain size of the 0.8 mol% CaO co-doped sample.
he respective monoclinic fractions are 3.9% for pure NiO/3YSZ and
.1% for 0.8 mol% CaO co-doped NiO/3YSZ after 124 h. The results
re consistent with the findings for 2YSZ that CaO doping suppresses
TD.

While 0.8 mol% co-doping causes no secondary phase formation,
hen co-doping with 1.6 mol% CaO, a secondary phase can be found
y SEM at the surface covering the grains of 3YSZ, as it can be seen in
ig. 10. An analysis of the grain size was hence not possible and it seems
complete solubility of 1.6 mol% CaO in 3YSZ cannot be reached.

he secondary phase can be analysed by comparing back scattering
EM images of pure NiO/3YSZ in (1a) and 1.6 mol% CaO co-doped
iO/3YSZ in (2a) of Fig. 9. The back-scattering SEM images show in

2a) a secondary phase of different contrast than the NiO and 3YSZ
hases visible in (1a). Energy dispersive X-ray spectroscopy mapping
f the surface reveals that the secondary phase consists of Ca and O, as
an be seen when comparing image (1b) and (2b) in Fig. 10.

. Discussion

.1. Densification of 2YSZ

Densification is of importance in assuring comparability of LTD
esults between different sintering profiles and CaO contents. Indeed,
ome co-doping is known to suppress densification, as it is the case
or La2O3 in 3YSZ [33]. Furthermore, secondary phase formation was
ound for Al2O3 co-doped 3YSZ. In that instance, the solubility limit of

Al2O3 in 3YSZ is surpassed and a secondary phase forms [43]. In this
study, no secondary phase formation is found for CaO doping of 2YSZ
and the densification is not affected compared with pure 2YSZ.

None of the investigated sintering profiles generate 2YSZ that has
a densification below 95% and mostly closed porosity can be ex-
pected [36]. Even the sample exposed to the lowest sintering temper-
ature with P1-1250 ◦C reaches a densification of 95%, independent of
the CaO content.

The two-step sintering programs increase densification slightly by
1%–2% over sintering profiles without the first step at an increased
temperature. Nonetheless to analyse clear effects of two-step sinter-
ing, the temperatures should be lowered to a range were a clear
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Fig. 8. LTD profiles shown for samples of the sintering program P1-1250 ◦C in (a), P3-1350-1250 ◦C in (b), and P2-1450 ◦C in (c). The monoclinic volume fraction was measured
initially, after 1 h, 3 h, 5 h, 7 h, 9 h, 14 h, 19 h, 30 h, and 50 h. Dashed lines are merely to guide the eye and are not representative of the evolution of the volume fraction in
between measurements.
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effect of two-step sintering on the densification can be observed (<
1200 ◦C). This was not pursued here since 1250 ◦C is already 150-
200 ◦C lower than the typically applied sintering temperature for 2YSZ
and 3YSZ [43]. It can be regarded as an interesting side note that
densification above 95% can be reached at such sintering temperatures
and should be considered in future studies.

Still, the comparison of two-step sintering to conventional sintering
shows that annealing times at, for example 1400 ◦C, can be reduced
rom 5 h to 3 min with subsequent annealing at 1300 ◦C to reach
imilar densification. Moreover, short annealing times (around 3 min)
an result in comparable densification for 2YSZ without the need for
nergy intensive sintering for several hours.

The higher degradation rates 𝑏 of sample sintered at lower tem-
eratures emphasise the role of pores and densification in LTD of
YSZ. Since pure 2YSZ sintered with P1-1250 ◦C displays an average
rain size of 199 nm compared with 279 nm for P2-1450 ◦C, a higher
esistance against LTD could be expected. The analysis of degradation
rofiles and rates depicts however the contrary and a lower rate for P2-
450 ◦C can be observed. The densification of 99.9% of the 1450 ◦C
ample can be understood to confine LTD to the surface, whereas the
ensification of 94.6% for P1-1250◦ allows LTD to progress over a
arger surface area which causes more rapid degradation.

These findings agree with previous studies, which showed higher
tability of the tetragonal YSZ with lower porosity due to the higher
lastic modulus (reduced free surface energy) [61,62]. This showcases
he synergistic relationship between densification and grain size in
itigating LTD of 2YSZ in a macroscopic frame, where not only small

rains define the LTD rate.
43116
.2. Grain growth/size of 2YSZ

The co-doping with calcium oxide reduces the average grain size up
o 35% for 1.6 mol% CaO co-doped 2YSZ. Ca [66,67] and other dopants
e.g. Y in YSZ [68] and La in YSZ [27]) of SZ are known to segregate to
rain boundaries and to affect grain growth [36]. The variation of CaO
ontents from 0.4 to 0.8 and up to 1.6 mol% confirms this for 2YSZ
nd the suppression of grain growth follows the CaO content.

The trend in grain size is nonetheless contradictory to results of
ther co-dopants in tetragonal YSZ. For Nd2O3 co-doping, the grain
ize reduced in the range of 0.1–0.4 mol% and increased with higher
ontents due to formation of cubic and tetragonal t’ grains, Sc2O3
o-doping increased grain size, and secondary phase formation and
educed density was found with La2O3 doping [27,33]. None of this
s observed for CaO doping and the phases are not detected in the
aO-2YSZ system. As can be seen in Fig. 11 with absent XRD peaks

or t’(004) and c(004) in the 2𝜃 range of 72–76◦.
The stability of the tetragonal phase explains the trend of decreasing

rain size with CaO content and smallest grains for 1.6 mol% CaO co-
oped 2YSZ. In addition, the co-doping leaves no initial monoclinic
hase, contrarily to pure 2YSZ that shows around 5% of monoclinic
hase, independent of the sintering temperature applied.

.3. LTD of 2YSZ

The trends in grain size distribution correlate with the rate and
xtent of hydrothermal degradation and ageing kinetics of 2YSZ. A
maller average grain size leads to a lower extent and suppressed rate
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Fig. 9. XRD of NiO/3YSZ samples with different CaO contents shown in (a) with indexed peaks for tetragonal SZ (t), cubic SZ (c), and cubic NiO (c-NiO). In (b), the respective
Raman spectra are illustrated with peaks marked for tetragonal ZrO2 and NiO. Subfigure (c) shows a zoomed in view of the characteristic regions in which a cubic SZ peak
emerges for the 1.6 mol% case compared to the pure NiO/3YSZ sample. In (d), the XRD of pure NiO/3YSZ and 0.8 mol% CaO co-doped NiO/3YSZ is depicted with the onset of
the monoclinic peak (m-SZ) highlighted.
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of hydrothermal degradation quantifiable by XRD. The trend is, as
outlined for the grain size, contradictory to studies on Al2O3 [43],
Nd2O3 [27], and La2O3 co-doped 3YSZ, which demonstrated a higher
LTD rate with increasing dopant content [27].

A comparison between the properties of 2YSZ [43], 3YSZ [43],
4.3 mol% CaO stabilised ZrO2 (4CSZ) [44], 0.4 mol% La2O3 co-doped
3YSZ [27], and 1.6 mol% CaO co-doped 2YSZ observed in this study
can be seen in Table 3. All the samples were characterised to consist
of the tetragonal phase but differ in the grain size, LTD kinetic rate b,
hardness and toughness. While the hardness is similar between 2YSZ
and 3YSZ, the fracture toughness was reported to be twice for 2YSZ.
Interestingly, the toughness of 4CSZ was found to be nearly as high
as for 2YSZ [43,44], which can be seen as promising indicator for a
high toughness of the CaO co-doped 2YSZ prepared in this study that
could be assessed in future works [44,45]. In terms of LTD rates, the
co-doping of 2YSZ and 3YSZ or higher dopant concentration (3YSZ
vs. 2YSZ) proofs beneficial, both measures reduce the rate compared
with pure 2YSZ and 3YSZ. This shows for 2YSZ co-doped by CaO a
correlation with the grain size. However, for 3YSZ the co-doping with
La2O3 increases the grain size but lowers the LTD rate. This emphasises
the different factors governing the LTD in stabilised zirconia and is
discussed more below in the context of the findings of this study.

In the present study, the grain size reduces by 28% for 0.8 mol%
CaO sintered with P3-1350-1250 ◦C and by 31% for P1-1250 ◦C,
whereas the reduction is 35% and 38% for 1.6 mol% CaO, respectively.
However, the minor reduction of grain size with 1.6 mol% CaO over
0.8 mol% cannot fully explain the strong suppression of LTD. For 1.6
43117
mol% CaO co-doped 2YSZ, the suppression of LTD continues over the
test duration of 50 h with 0.8 mol% CaO co-doped 2YSZ close to fully
transforming into the monoclinic phase. This indicates an effect of CaO
beyond the reduction of grain size on the mitigation of LTD.

The comparison between LTD rates and average grain sizes of P3-
1350-1250 ◦C for plain 2YSZ and P1-1250 for 1.6 mol% CaO co-doped
2YSZ supports this observation. The former has an average grain size of
203 nm (P3-1350-1250 ◦C) and the latter one of 201 nm (P1-1250 ◦C).

he densification is close between both samples with 98.6% for P3 and
9.0% for P2. If only the grain size would be the decisive factor in LTD
f CaO co-doped 2YSZ, both should depict a comparable degradation
ate. This is not the case and pure 2YSZ (P3-1350-1250 ◦C) reaches a
onoclinic volume fraction of 100% after 20 h of testing, whereas 1.6
ol% CaO co-doped 2YSZ (P2-1450 ◦C) shows a monoclinic volume

fraction of 2% at the same time.
Those observations highlight the significant effect of co-doping with

CaO beyond the reduction of the average grain size. Some established
findings on doping of SZ with CaO can offer explanations for the
additional suppression of LTD:

1. Oxygen vacancies: The CaO co-doping introduces additional
oxygen vacancies into 2YSZ, moving the concentration away
from the critical threshold for the phase transformation to mono-
clinic, as was previously hypothesised [10,27]. The divalent Ca
also forms one oxygen vacancy (Ca ′′

Zr + VO ) per doped cation
compared with the trivalent Y, which forms one vacancy for two
cations (2 Y ′ + V ).
Zr O
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Fig. 10. Backscattered electron images of the NiO/3YSZ samples surface shown in (1a) and for 1.6 mol% CaO co-doped NiO/3YSZ in (2a) with the phase contrast between NiO,
3YSZ and secondary CaO phase visible. In (1b) and (2b), SEM-EDS maps of the NiO/3YSZ and 1.6 mol% CaO co-doped surface are shown highlighting the secondary CaO phase
for the latter.
Table 3
Table comparing the grain size, LTD rate, hardness and toughness of various tetragonal stabilised zirconia systems.

2YSZ [43] 3YSZ [43] 4.3 mol% CaO-SZ [44] 0.4 mol% La2O3-3YSZ [27] 1.6 mol% CaO-2YSZ

Grain size /nm 292 211 100 332 201
Sintering temperature /◦C 1450 (2 h) 1450 (2 h) 1250 (2 h) 1500 (2 h) 1450 (3 min)
LTD rate b /h−1 0.52 0.08 – 0.02 0.04
Hardness /kg mm−2 1239 1304 – – –
Toughness / MPa m1∕2 8.6 4.1 8.3 – –
2. Bulk and grain boundary transport: CaO in the host lattice
of YSZ could limit the transport of oxygen species (hydroxyls
and oxygen ions) from the surface exposed to H2O into the
bulk or along grain boundaries. The favoured segregation of Ca
to grain boundaries and surface originates from the different
valance charge and cationic radius of Ca2+ compared with Y3+

and Zr4+ [66,69–72]. The limited oxygen species transport with
Ca-doping can also be observed in the lower ionic conductivity
of Ca- compared with Y-stabilised zirconia [69,73]. In addition,
space charge at grain boundaries and surface due to alkali
earth segregation, as found for other fluorite doped ceramics
(gadolinia doped ceria) [27,74], could further restrict grain
boundary transport by CaO doping.

3. Surface kinetics and oxygen exchange: CaO segregation to
the surface of 2YSZ could further alter the surface kinetics for
insertion of O-species into the oxygen vacancies of 2YSZ due
to modified electronic properties of the surface that changes
with Ca in CaO doped zirconia [72]. Recent studies indicate the
role of co-dopants, Nb5+ in the referenced case, on the oxygen
exchange kinetics of YSZ [75]. In addition, trace amounts of Ca
impurities were previously found to form a several monolayer
thin and Ca rich phase at the surface of YSZ [67].
43118
The short summary of related literature can explain the additional
suppression of LTD by CaO co-doping through the defect concentration
(oxygen vacancies) and segregation of CaO to surface and grain bound-
aries. Both affect the kinetics and uptake of H2O related species and the
transport in the bulk and over grain boundaries.

4.4. NiO/3YSZ composite and CaO co-doping

The findings for the CaO co-doping can be reproduced in the com-
posite of NiO/3YSZ with a reduced grain size of 185 nm for 0.8 mol%
CaO co-doping compared to 234 nm in the plain case. Moreover,
the autoclave tests over 124 h indicate a suppression of LTD in the
composite co-doped with 0.8 mol% CaO.

In contrast to the 2YSZ samples, we found secondary phase forma-
tion when adding 1.6 mol% CaO to NiO/3YSZ. The phase consists
of CaO analysed by SEM-EDS, with a precise chemical composition
analysis outside the scope of this study. As the amount of CaO was
added according to the composite of NiO and 3YSZ, the precise fraction
in relation to 3YSZ is 2.3 mol% for 0.8 mol% CaO co-doped NiO/3YSZ
and 4.6 mol% for 1.6 mol% CaO co-doped NiO/3YSZ. The high dopant
content in the 1.6 mol% CaO co-doped case leads to the formation of
some cubic phase, as is shown in Fig. 9, which also agrees well with
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Fig. 11. Comparison of XRD in the 2𝜃 range of 72–76◦ for P1-1250 ◦C and pure 2YSZ,
.4, 0.8, and 1.6 mol% CaO co-doped 2YSZ.

eported cubic phase formation for CaO stabilised ZrO2 in the respec-
tive CaO amount range relative to 3YSZ [44,45] Such high co-dopant
contents were not tested with 2YSZ and indicate a limit in the solubility
of CaO in 3YSZ. Since CaO segregates to the grain boundaries [66], the
solubility limit would predominantly concern a narrow region around
the grains. Once the limit is surpassed, the uptake of CaO will be
constrained and a secondary CaO phase can form around the grains,
as observed by SEM-EDS as well as can cause the transformation from
tetragonal into the cubic phase as measured by XRD.

Interactions of Ca with YSZ were also previously reported and
the authors observed CaZrO3 and CaO formation [76,77]. A calcium
zirconate phase was not detected here but it emphasises the mobility
of Ca in the zirconia matrix. These previous observations and our
results indicate the solubility limit of CaO in YSZ (here above 3 mol%
CaO in 3YSZ). Further studies could investigate the applicability of
this route for solid oxide cells operated at temperatures above 600 ◦C

hen additional mobility of Ca might occur and interactions with other
aterials could deteriorate performance.

Nonetheless, the findings outline a promising route to mitigate LTD
n mechanical Ni/3YSZ support structures of SOCs, which are due to
he porosity around 30% [48] more susceptible to the degradation in
ontrast to the dense NiO/3YSZ samples of this study.

. Conclusion

In this study, we investigated two routes to mitigate LTD in 2YSZ
nd the composite of 3YSZ and nickel oxide. For the former, a reduction
n grain size is achieved through the addition of 0.4, 0.8, and 1.6 mol%
f CaO and two-step sintering. For the latter, the co-doping of 0.8 mol%
f CaO decreased the grain size up to 20%. Both methods achieve the
eduction in grain size of 2YSZ and 3YSZ/NiO without compromising
ensification.

The systematic investigation of eight different sintering programs
or pure 2YSZ, 0.4, 0.8, and 1.6 mol% co-doped 2YSZ presents useful
uantitative information in terms of assessing sintering of 2YSZ accord-
ng to grain size and densification. Tracking the volume fraction of
onoclinic phase with ageing further yields characteristic degradation
arameter for 2YSZ and CaO co-doped 2YSZ. The extension of CaO
oping to 3YSZ/NiO confirms that the effects are not unique to 2YSZ
ut also have relevance for the solid oxide cell technology.

The three main findings are: (1) the reduction in average grain size
f 2YSZ and 3YSZ in the composite with NiO following the two-step
intering with comparable densification to conventional sintering, (2)
43119
he mitigation of LTD in 2YSZ and 3YSZ with the co-doping with cal-
ium oxide, and (3) the additional suppression of LTD by Ca beyond the
eduction in grain size of 2YSZ. The methods showcase the capabilities
n limiting LTD of t-2YSZ and t-3YSZ. Hence, two-step sintering and co-
oping with CaO can be valuable routes in producing tetragonal YSZ
ore resilient to hydrothermal degradation.

This study indicates that the effect of CaO co-doping on LTD of 2YSZ
xtends beyond the sole reduction in grain size. Future research could
e directed towards a phenomenological understanding of CaO on the
xygen species uptake from humid environments and transport in the
ulk and over grain boundaries. Furthermore, the findings of this study
utline a possible route to LTD-resistant tetragonal zirconia with even
ower yttria contents than in 2YSZ.
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