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Abstract: This study aims to investigate the diffusion sta-
bilization process of nano-Co2O3 during the non-precursor
transformation of 3Y-TZP. 3Y-TZP was set as the control
group, and the experimental groups were 0.1–0.3 mol%
nano-Co2O3-doped 3Y-TZP. The samples were prepared by
the ball milling process, isostatic cool pressing, and sin-
tering. All samples were hydrothermally treated at 134°C
and 2 bar for different time periods. The resistance to low-
temperature degradation of nano-Co2O3-doped 3Y-TZP was
analyzed by X-ray diffraction. The microstructure of zir-
conia ceramic samples was determined by scanning elec-
tron microscopy, transmission electron microscopy, atomic
force microscopy, and electron paramagnetic resonance
studies. The addition of nano-Co2O3 into 3Y-TZP resulted in
higher hydrothermal aging resistance than 3Y-TZP. The addi-
tion of 0.2mol% nano-Co2O3 dopants resulted in the highest
hydrothermal aging resistance among nano-Co2O3-doped 3Y-
TZP ceramics. The grain sizes of 3Y-0.2Co are smaller than
those in the control group. With the increase of cobaltous
oxide doping contents, the segregation of Co3+ ions at the
crystal boundary increased. The content of oxygen vacancies
on the surface of the sample increased with the increase of
the Co2O3 doping content. The oxygen vacancy concentrations

of 3Y-0.2Co increased obviously after aging. 3Y-0.1Co, 3Y-0.3Co,
and the control showed decreased oxygen vacancy concen-
trations after aging. Trivalent element doping of 3Y-TZP effec-
tively improved the aging resistance of 3Y-TZP. The addition
of 0.2mol% nano-Co2O3 resulted in the highest hydrothermal
aging resistance. Improved aging resistance is attributed to
the nano-Co2O3 doping resulting in the 3Y-TZP grain size inhi-
bition, grain boundary segregation of cobalt ions, and oxygen
vacancy maintenance. This work is expected to provide an
effective reference for the development and application
of budget dental materials by regulating grain boundary
engineering.
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1 Introduction

3Y-TZP (3% yttria-stabilized tetragonal polycrystalline) has
a high fracture toughness and strength and is widely used
for hip prostheses ball-heads, dental implants, and dental
prostheses [1–3]. However, when subjected to a humid and
complex internal environment for an extended period,
their surface will spontaneously transform into the mar-
tensitic phase [4,5]. The transformation of the tetragonal
phase (t) to the monoclinic phase (m) will lead to surface
microcracking and water molecules passing through these
cracks and then penetrating the material, which leads to an
obvious decrease in the mechanical properties of 3Y-TZP.
This phenomenon is known as low-temperature degrada-
tion (LTD). The clinical survival rate of 3Y-TZP can thus be
inevitably impacted in aqueous environments. For instance,
hundreds of 3Y-TZP total hip prostheses ball-heads were
reported to have failed between 1999 and 2000, which directly
resulted in their withdrawal from the market [6,7]. Hydro-
thermal aging is a progressive process induced by water
molecule invasion, starting from the surface and propagating
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into the ceramic component, leading to microcracking and
surface roughening [8,9].

Studies showed that doping of lower-valence oxides,
such as Al2O3 and Co2O3, in 3Y-TZP is an effective method to
improve its LTD performance since the doping of lower-
valence oxides can stabilize zirconia in the cubic or tetra-
gonal crystal structure [10,11]. Studies showed that doping
of 3Y-TZP with a small amount of trivalent ions, e.g., Al3+,
Fe3+, Pr3+, Bi3+, and La3+, provides an adequate balance
between aging resistance, mechanical properties, as well
as aesthetics, i.e., color and translucency [12–14].

Trivalent cations that segregate at the zirconia grain
boundary can effectively retard the aging rate of 3Y-TZP
ceramics without sacrificing the excellent mechanical prop-
erties [13]. The law of cation segregation at the boundary
and its influence on the LTD effect of 3Y-TZP doped with
trivalent cations of large radii, i.e., Sc3+, Nd3+, and La3+ have
been primarily explored [15]. However, there is no data
available for the hydrothermal aging behavior and the
underlying mechanism for Co3+-doped 3Y-TZP. The large
radii mismatch between the dopants and host cations is
acknowledged as an essential driving force for the segrega-
tion at the grain boundary [13]. Since the mismatch between
Co3+ (54.5 pm) and Zr4+ (84.0 pm) is large, Co3+ is expected to
segregate obviously at the grain boundary which decrease
the LTD susceptibility of 3Y-TZP ceramics. At the same time,
Co2O3 is widely used as a colorant for clinically used dental
3-YTZP ceramics.

Moreover, from the perspective of the hydrothermal
aging mechanism, the behavior of oxygen vacancies in 3Y-
TZP ceramics should be evaluated to explain the varied
hydrothermal aging kinetics. Although the mechanism of
hydrothermal aging has not been completely recovered,
studies showed that rapid annihilation of surface oxygen
vacancies largely contributes to the hydrothermal aging of
zirconia ceramics [16,17]. Reportedly, the oxygen vacancies
adjacent to the Zr4+ ions might be a stabilizer for ZrO2 of
the tetragonal phase [18]. Additionally, it was shown that
the activation energy of the aging kinetics (73–106 kJ·mol−1)
was comparable to that of ionic conductivity of 3Y-TZP
ceramics below 500°C (88–89 kJ·mol−1) [19]. Thus, it is com-
monly believed that the diffusion of water-derived species
into the lattice of 3Y-TZP ceramics and the filling of oxygen
vacancies (Vo) contributes to the aging process of 3Y-TZP
ceramics [20].

Therefore, this study investigated the effect of the tri-
valent dopant’s ionic radius on the LTD behavior in 3Y-TZP
ceramics to understand the diffusion stabilization process
of Co2O3 during the non-precursor transformation of 3Y-
TZP. The hydrothermal aging kinetics of 3Y-TZP ceramics
with a nano-Co2O3 dopant concentration of 0.1–0.3 mol%

were studied since the concentration of dopant also has a
crucial influence on the aging kinetics of 3Y-TZP.

2 Materials and methods

2.1 Preparation of samples

The 3mol% yttria-stabilized zirconia nanosized powder
(3Y-TZP, TZ-3Y, purity > 99.9%, Tosoh, Japan) with approxi-
mately 0.1 wt% of additives, including SiO2, Fe2O3, NaO2

and Al2O3 was used. The specific surface area of 3Y-TZP
ceramics is 16 ± 3 m2·g−1 and the mean particle diameter
is 0.6 μm. The 3Y-TZP ceramic powders were mixed with
nano-Co2O3 powders (purity > 99.999%, Aladdin) at concen-
trations of 0.1, 0.2, and 0.3 mol%, respectively. The mixed
powders were added with ethanol as the mixing medium
and were then milled in a Teflon jar for 24 h with 5 and
1 mm zirconia milling balls. Milled powders were dried in
an oven to obtain 3Y-xCo powders at 80°C for 8 h and then
cold isostatically pressed at 250 MPa for 2 min and pres-
sure-less sintered in air at 1,450°C for 2 h. The constant
heating and cooling rates were set as 3 and 10°C·min−1,
respectively. The sample blocks (40 × 40 × 3 mm) were
then cut into 36 × 4 × 3 mm rods and then ground orderly
with SiC papers of 120, 240, 600, 800, 1,200, 2,000, 3,000,
4,000, and 5,000 grades, and polished with 1 and 0.05 μm
diamond pastes to obtain an optically reflective surface
subsequently.

2.2 Assessment of aging kinetics

Polished samples (n = 3) of each group were tested for LTD
in deionized water for 10, 15, 20, and 30 h at 134°C and
under a pressure of 2 bar in an autoclave. The amount of
transformation in all specimens was measured by X-ray
diffraction (XRD, Japan Smartlab) using Cu-Kα radiation
at 40 kV and 40 mA, a scan range of 20°–80° (2θ), with
a step size of 0.02 s−1. Fractions of m-ZrO2 and t-ZrO2

were measured by the diffraction patterns in accordance
with the method used by Garvie [21] and modified by
Toraya [22]:
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where Xm is the relative amount of the monoclinic phase,
and Im and It are the intensities of the monoclinic and
tetragonal peaks, respectively.

2  Shide Yu et al.



2.3 Microstructure of samples

The density of the eventual samples was tested in deio-
nized water according to Archimedes’ principle. The grain
size distributions were obtained on polished surfaces after
thermal etching at 1,350°C for 20 min. At least 1,000 grains
were counted with NANO MEASURER 1.2.5 software, and
the results were reported as average results (±standard
deviation). The distribution of dopant cations (Co3+ and
Y3+) near the grain boundaries was analyzed by scanning
transmission electron microscopy (STEM, FEI Talos F200X,
America), energy-dispersive X-ray spectroscopy (EDS), and
high-angle annular dark-field detector in thin foils. ESR
(ES-FA200, JEOL, Japan) was used to quantitatively detect
the oxygen vacancies. Surface topography and roughness
were determined using atomic force microscopy (AFM,
MFP-3D-S, Asylum Research, USA). Electron paramagnetic
resonance (EPR) measurements were recorded with an X-
band CW-EPR Bruker EMX with a 100 kHz modulation fre-
quency and a microwave power of 1 mW.

2.4 Characterization of mechanical
properties

According to ISO 6872 [23], blocks were cut into 36 × 4 ×

3mm3 test bars (n = 5) and the three-point bending strength
was tested:
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where F represents the maximum load, L represents the
space of fixtures, b is the sample’s width, and d is the
sample’s thickness.

The fracture toughness and Vickers hardness [24,25]
were tested by micro-indentation. The indentations were

fabricated on the surfaces of samples of different composi-
tions at 98.1 N, and the expected cracks originated at the
corners of the indentation after loading. Indentations were
imaged by scanning electron microscopy (SEM). The frac-
ture toughness of apparent indentation was analyzed using
the equation proposed by Niihara et al. [26].

2.5 Cell culture and cytotoxicity tests

Human oral epithelial cells (HOECs) were chosen to con-
duct the cytotoxicity experiments of doped 3Y-TZP. HOECs
were cultured in Dulbecco’s modified Eagle’s medium con-
taining 10% (v/v) heat-inactivated fetal bovine serum and
antibiotics (100 μg·mL−1 streptomycin and 100 IU·mL−1 peni-
cillin) for 24 h at 37°C in a humidified atmosphere with 5%
CO2. Cells were seeded on each test substrate at 1 × 105

cells·mL−1 in the same media for all assays. Untreated
HOECs were set as control. The CCK-8 assay kit (Sangon
Biotech, China) was used for the evaluation of cytotoxicity
according to the manufacturer’s instructions. About 10 μL of
CCK-8 solution was added to each well. The plate was then
incubated for 1 h at 37°C, and the optical density at
450 nm was measured with a plate spectrophotometer
(NanoDrop ND-1000, Thermo Scientific, Waltham, MA,
USA). Measurements were made in triplicate for each
sample and the mean values were recorded.

2.6 Statistical analysis

One-way analysis of variance with Tukey’s post hoc test
and Tukey’s multiple comparisons test were employed in
the statistical analysis. GraphPad Prism 8 software was

Figure 1: XRD diffraction patterns and the monoclinic phase content of Co2O3-doped 3Y-TZP before and after hydrothermal degradation. (a) XRD
diffraction patterns of 3Y-xCo (x = 0, 0.1, 0.2, 0.3 mol%) before aging. (b) XRD patterns of 3Y-xCo (x = 0, 0.1, 0.2, 0.3 mol%) after aging. (c) Monoclinic
phase content of 3Y-xCo (x = 0, 0.1, 0.2, 0.3 mol%) after aging.
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employed in the analysis, where α was set to 0.05. Mean
values plus standard deviations are presented in the
results, and different letters in the figures show statistical
significance.

3 Results and discussion

3.1 Phase analysis

Figure 1a shows that before aging all samples consisted of
ZrO2 of tetragonal phase regardless of doping of Co2O3.
Figure 1a shows the characteristics tetragonal peak (Im
(111)) at 2θ values of 30.2° regardless of the amount of
Co2O3 dopants (see XRD analysis in Figure 1a). This revealed
that doping of Co2O3 in 3Y-TZP ceramics did not bring
impurity and a second phase. After hydrothermal degrada-
tion for 20 h (Figure 1b and c), the control showed the
highest monolithic peak (Im (111)) and 3Y-0.2Co showed the
lowest monolithic peak (Im (111)) at 2θ values of 28.2°. More-
over, the 3Y-0.2Co samples showed the lowest monoclinic
phase content than 3Y-0.1Co, 3Y-0.3Co, and the control group
from 0 to 20 h in steam.

3.2 Microstructure observation

A density of ≥6.00 g·cm−3 is required for the application of
3Y-TZP ceramics as a load-bearing biomaterial [27]. The
densification of doped 3Y-TZP ceramics is a challenge as

proved by studies that the addition of dopants such as
La2O3 and Al2O3 significantly decreased the densification
of 3Y-TZP ceramics [13]. However, the grain size of 3Y-xCo
(x = 0.1, 0.2, 0.3 mol%) is smaller than the control group (P <

0.05), indicating that doping of Co2O3 suppresses the grain
growth. Densified surfaces with clear grain boundaries
were also observed by SEM for sintered 3Y-TZP ceramics
doped with Co2O3 that can be parallel to the 3Y-TZP cera-
mics (Figure 2). 3Y-xCo (x = 0.1, 0.2, 0.3 mol%) showed no
statistically significant difference among the results of each
group (P > 0.05). This verified that the dopants have a
pinning effect at the grain boundary, thereby retarding
the grain boundary mobility that can enhance the densifi-
cation of 3Y-TZP and reduce the accumulation of water
grain boundary [28]. Thus, Co2O3-doped 3Y-TZP ceramics
are expected to exhibit higher mechanical strength for
their densified surface structure and decreased grain size.

AFM images after hydrothermal degradation of 3Y-
TZP-0.2Co (Figure 3a) showed that the phase transition
from the tetragonal phase to the monoclinic phase of the
first single grain on the surface triggered the phase transi-
tion of the adjacent grain, which eventually resulted in
grain agglomerates and surface roughening. The surface
of 3Y-TZP-0.2Co became rough with the vertical heights
ranging from 7.6 to 23.2 nm 5 h after aging. Transmission
electron microscopy (TEM) images of internal microscopic
changes of crystals after hydrothermal degradation of 3Y-
0.2Co (Figure 3b) revealed the presence of microcracks and
intergranular fractures. The intergranular cracking accom-
panying the hydrothermal aging [12,27] clearly indicated
the weakness of the grain boundary. Reportedly, after
hydrothermal aging, the reduction of the ionic conductivity

Figure 2:Microstructure observation of Co2O3-doped 3Y-TZP. (a–d) SEM patterns of 3Y-xCo (x = 0, 0.1, 0.2, 0.3 mol%). (e and f) Grain size distribution of
3Y-xCo (x = 0, 0.1, 0.2, 0.3 mol%). AFM (e) and HR-TEM (f) images of the surface and internal microscopic changes in crystals after hydrothermal
degradation of 3Y-TZP-xCo (x = 0, 0.1, 0.2, 0.3 mol%).
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in the grain boundary region was more severe than the
reduction in the bulk area [29], revealing that grain boundary
regions are active sites for hydrothermal aging.

3.3 Grain boundary segregation analysis

TEM and EDS energy spectrum mapping of 3Y-TZP-doped
Co2O3 (Figures 3 and 4) showed Co3+ ions segregated at the
grain boundaries, while Y3+ ions are evenly distributed at
the grain boundaries both before and after aging degrada-
tion. Zr4+ and O2+ ions showed no segregation at the grain
boundaries before aging. With the increase of doping of the
Co2O3 content, the segregation of Co3+ ions increased. The
concentration of segregated Co3+ ions was 1.2% for 3Y-
0.1Co, 1.6% for 3Y-0.2Co, and 2.0% for 3Y-0.3Co after aging
degradation (Figure 4). The mismatch in the cation size
between Co3+ (54.5 pm) and Zr4+ ions (84.0 pm) is larger
than that between Y3+ (90.0 pm) and Zr4+ ions, thus resulting
in stronger grain boundary segregation behavior of Co2O3-
doped 3Y-TZP ceramics than 3Y-TZP [30]. Increased tetrava-
lent element grain boundary segregation can strengthen
the grain boundaries and inhibit the diffusion of water

molecules, therefore leading to excellent aging resistance
of Co2O3-doped 3Y-TZP ceramics. The ideal amount of dopant
concentrations should be the maximum amount that can be
dissolved at the zirconia grain boundaries after cooling
without introducing a secondary phase. However, in this
study, 3Y-0.2Co showed superior anti-aging behavior than
3Y-0.3Co. This can be explained as follows: the lattice para-
meters and constituent phases of the remaining ZrO2 of the
tetragonal phase also have a critical influence on the aging
resistance of the 3Y-TZP ceramics added with dopants [17].

3.4 Oxygen vacancy analysis

EPR results (Figure 5) showed that the oxygen vacancy
concentrations of 3Y-0.2Co increased obviously after aging.
3Y-0.1Co, 3Y-0.3Co, and the control showed decreased oxygen
vacancy concentrations after aging. Previous studies have
shown that rapid annihilation of surface oxygen vacancies is
the main mechanism of hydrothermal aging degradation of
zirconia ceramics [16,17]. Further study (Figure 5) showed
that the content of oxygen vacancies on the surface of the
sample varies with the increase of the Co2O3 doping content

Figure 3: Grain boundary structure of Co2O3-doped 3Y-TZP before hydrothermal degradation. (a) TEM observation of the grain boundary and EDS
mapping of chemical ion distribution across the grain boundaries of 3Y-0.1Co. (b) TEM observation of the grain boundary and EDS mapping of
chemical ion distribution across the grain boundaries of 3Y-0.2Co. (c) TEM observation of the grain boundary and EDS mapping of chemical ion
distribution across the grain boundaries of 3Y-0.3Co.
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Figure 4: Grain boundary structure of Co2O3-doped 3Y-TZP after hydrothermal degradation. (a) EDS mapping and Y3+ distribution across the grain
boundaries of 3Y-xCo (x = 0, 0.1, 0.2, 0.3 mol%). (b) EDS mapping and corresponding chemical compositions of Co3+ across the grain boundaries of 3Y-
xCo (x = 0, 0.1, 0.2, 0.3 mol%). (c) Percentage of deviated atoms of Co3+ ions before and after hydrothermal degradation of 3Y-xCo (x = 0, 0.1, 0.2,
0.3 mol%).

Figure 5: Oxygen vacancy characterization of Co2O3-doped 3Y-TZP before and after hydrothermal degradation (EPR measurements were recorded
with an X-band CW-EPR Bruker EMX with a 100 kHz modulation frequency and a microwave power of 1 mW). (a) Change in the oxygen vacancy content
for 3Y-xCo (x = 0, 0.1, 0.2, 0.3 mol%) before and after hydrothermal degradation. (b) Characterization of oxygen vacancy of 3Y-xCo (x = 0, 0.1, 0.2,
0.3 mol%) after hydrothermal degradation.

6  Shide Yu et al.



and further verified that changes in oxygen vacancy of 3Y-
TZP samples resulted from doping of Co2O3. This result is in
accordance with previous studies that the doping of oxide of
low valence states (divalent and trivalent cations) can main-
tain oxygen vacancies of 3Y-TZP ceramics [31] since the seg-
regated cations can bind to the oxygen vacancies at the
grain boundary and obviously interrupt the annihilation
of oxygen vacancies [13]. The filling of oxygen vacancies
by “water-derived species” at the grain boundary is found
to induce the hydrothermal aging of 3Y-TZP ceramics [20].
Thus, the oxygen vacancy concentration has a direct influ-
ence on the aging kinetics of 3Y-TZP ceramics for the ionic
resistivity and is given by[32]

[ ]
=ρ

μ F

1

2 Vo¨
.

Here, μ is the mobility of the oxygen vacancy, [Vo¨] is
the oxygen vacancy concentration and F is the Faraday
constant. A higher concentration of oxygen vacancies at
the grain boundary leads to a higher aging resistance of
3Y-TZP ceramics. Moreover, smaller undersized dopant
cations (such as Al3+ and Co3+) retard the aging process
well due to their stronger bonding of the oxygen vacancy
[13,33]. Thus, maintaining the oxygen vacancy induced by
doping of Co2O3 improved the aging resistance of 3Y-TZP
ceramics. The highest aging resistance of 3Y-0.2Co among
all tested samples is mainly attributed to their maintained
oxygen vacancy concentrations.

Based on the above results, improved aging resistance
is attributed to tCo2O3 doping resulting in 3Y-TZP grain
size inhibition, grain boundary segregation of Co3+ irons,
and oxygen vacancy maintenance. Not only the type of
dopant but also the amount of dopant was crucial for
designing aging-resistant 3Y-TZP ceramics. The hydro-
thermal aging behavior suggested that 3Y-0.2Co displayed
greater aging resistance than 3Y-0.1Co, 3Y-0.3Co, and the
control group, which corresponded to 0–60 years in the
human body [34].

3.5 Mechanical properties

Currently, maintaining the mechanical strength of 3Y-TZP
ceramics after adding cation dopants is a challenge. For
instance, a previous study confirmed the addition of 3Y-TZP
ceramics with a small amount of La3+ dopants to statistically
decrease the mechanical strength of 3Y-TZP ceramics [35],
although it improved the aesthetic appearance for dental
applications. However, the three-point bending strength, the
fracture toughness and Vickers hardness (Figure 6a–c) were
not significantly different for 3Y-0.2Co and the control (P <

0.05) both before and after aging, indicating that the addition
of Co cation dopants into 3Y-TZP did not decrease the mechan-
ical strength of 3Y-TZP both before and after aging.

3.6 Biocompatibility

CCK-8 results (Figure 6d) showed that hydrothermal aging
had no impact on the cytotoxicity of 3Y-0.2Co and the con-
trol (P > 0.05). The cytotoxicity of 3Y-0.2Co and the control
were not statistically different both before and after aging
(P > 0.05). This revealed that the addition of trivalent cation
dopants into 3Y-TZP did not decrease the biocompatibility
of 3Y-TZP both before and after aging. Reportedly, Co was
safe towards the normal cells [36]. Adequate Co ion release
could facilitate angiogenesis [37]. Furthermore, as shown
in Figures 3–5, 3Y-0.2Co composites have good phase stabi-
lity, which will not accelerate the release of Co ions and
cause biotoxicity.

4 Conclusion

The present investigation has shown that nano trivalent
oxide (Co2O3) dopants at concentrations from 0.1 to

Figure 6: Mechanical properties and biocompatibility of 3Y-0.2Co before and after hydrothermal degradation. (a) Three-point bending strength of
3Y-0.2Co; (b) the Vickers hardness of 3Y-0.2Co; (c) fracture toughness of 3Y-0.2Co; and (d) Proliferation of oral epithelial cells on 3Y-0.2Co.
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0.3 mol% improved the aging resistance of 3Y-TZP cera-
mics. The addition of 0.2 mol% of Co2O3 resulted in the
highest hydrothermal aging resistance. Improved aging
resistance is attributed to the Co2O3 doping resulting in
3Y-TZP grain size inhibition, grain boundary segregation
of cobalt ions, and oxygen vacancy maintenance. This
study provides theoretical guidance for reasonable dopant
alterations and possible methods to decrease LTD suscept-
ibility of 3Y-TZP in clinics.
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