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The mechanical properties (hardness and biaxial flexural strength), optical properties (translucency and gloss),
and low temperature degradation (LTD) of 3-6 mol% yttria stabilized zirconia have been investigated. The
specimens were prepared by conventional solid-state sintering at 1400 °C. The mechanical and optical properties
were evaluated for sintered and polished specimens. X-ray diffractometer (XRD) and scanning electron micro-
scope (SEM) were used, respectively, for structural and microstructural investigation. LTD was determined by

XRD analysis of the samples aged in a hydrothermal autoclave at 134 °C for 5-108 h. The mechanical and optical
properties are found to be microstructure sensitive. The LTD, due to tetragonal to monoclinic phase trans-
formation, decreases with increasing Y,Os content. The mechanical strength, translucency, and LTD are the
lowest for 6 mol% Y,03 stabilized zirconia.

1. Introduction

The market share of zirconia as metal-free dental restoratives con-
tinues to grow along with titanium in the global dental implant market
[1]. In addition to the comparable performance with titanium, zirconia
exhibits superior aesthetic in relevance to tooth [2-4]. 3 mol% Y03
stabilized tetragonal zirconia (3YZ) has been extensively investigated
for dental restorations. However, premature failure of zirconia femoral
heads and subsequent recall of hip implants by the manufacturers in
2001 [5] triggers concern for the premature failure of zirconia dental
prosthesis. In vivo tetragonal to monoclinic phase (t —m) transformation
of zirconia - aging/low temperature degradation (LTD) and micro-
structural defects contributed to femoral head fracture [6-8]. LTD of
3YZ of various brands causes surface uplift/roughening and microcrack
formation to release the stress due to t—m transformation accompanied
with volume expansion [9-11]. LTD also degrades the mechanical
strength, hardness, fracture toughness [12], and translucency [13] of
3YZ.

Water adsorption and incorporation into the oxygen vacancies in

* Corresponding author.
E-mail address: mkmanoj@uab.edu (M.K. Mahapatra).

3YZ and subsequent annihilation of oxygen vacancies promotes t—m
transformation [14-18]. Chemical homogeneity and grain sizes in YZ
microstructure, dictated by sintering conditions, also influence LTD
[19]. One study shows that sintering of 3YZ at 1550 °C results in y3+
enrichment in some grains, which transformed into cubic phase, fol-
lowed by surrounding Y3* depleted tetragonal grains - the nucleation
sites for LTD [20]. The t—m transformation decreases from 6.64% to
2.54% after aging for 5 h at 134 °C at 2 bar as the grain size of yttria
stabilized tetragonal zirconia decreases from 0.574 pm to 0.372 pm
[21]. Another study reports that the LTD increases at 170 °C and 200 °C
with decreasing particle size from 0.77 pm to 0.69 pm of tetragonal YZ
powders [18]. The apparent anomaly may be attributed to the powder
characteristics such as powder composition and morphology as well as
the microstructure of the sintered product. Nonetheless, grain size in the
sintered YZ definitely impacts t—m transformation to maintain ther-
modynamic stability [22]. A phase stability diagram of zirconia, based
on surface energetics, reveals that the tetragonal and cubic polymorphs
would be stable for the crystal sizes smaller than 53 nm and 6 nm,
respectively [23]. This study is consistent with Y303-ZrO, phase
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diagrams [24,25] which conclude that the tetragonality of zirconia de-
creases with increasing Y203 content.

The strategies considered to minimize LTD, if not completely elimi-
nated, include doping YZ with different oxides [19,26-29], decreasing
grain size by controlled sintering [19,30], and decreasing the tetra-
gonality of YZ [12,31-33]. AlyOs, LagOs3, and SiO, are commonly
studied dopants. The dopants segregate at the grain boundaries to
reduce its energy and generate more oxygen vacancies (except for SiO2)
to maintain charge neutrality. The cations at the grain boundaries
electrostatically couple with the oxygen vacancies. Consequently, the
LTD decelerates. However, above a critical concentration the dopants
segregate at the grains and favors LTD. For instance, 0.25 wt% Al;O3
retards LTD but higher concentrations do not [28]. In fact, an AlyO3
doped new generation zirconia accelerated LTD in vivo, perhaps due to
its concentration above the critical value [34]. The dopants, depending
on the ionic size, induce partial transformation of tetragonal phase into
the cubic phase.

It has been shown that the abundance of oxygen vacancies and their
distribution makes cubic YZ more stable than the tetragonal phase [35].
The higher stability perhaps decelerates the LTD of cubic YZ [12,31].
Demonstration of cubic YZ degradation at 250 °C [14] infers that it is not
actually LTD proof but slow kinetics. Crystallographic symmetry also
improves the translucency of cubic phase [32]. However, tetragonal
phase is preferred for its superior mechanical strength and excessive
oxygen vacancies in YZ favors LTD [36]. Therefore, a trade-of between
LTD, mechanical properties, and translucency is desired, which may be
achieved by simultaneous presence of cubic and tetragonal phase with
optimized microstructure free of pores and cracks, and secondary phase
segregation at the grains.

It is noteworthy that most of the LTD reports in literature are based
on the commercial manufacturers of zirconia prosthesis. The exact
composition and processing parameters are proprietary, which may lead
to difficulties in decoupling the different aspects on the fundamental
composition-structure-property relationship. 3-6 mol% Y,03 stabilized
zirconia has been investigated in the present study to understand the
compositional effect on LTD, mechanical properties, and translucency.
More than 3 mol% Y503 generates mixed cubic and tetragonal phase
according to phase diagram [25] while absence of other dopants elim-
inates secondary phase segregation and these compositions are unlikely
to generate excess oxygen vacancies.

2. Materials and methods
2.1. Sample preparation

4-6 mol% yttria stabilized zirconia (YSZ) was prepared by mixing
appropriate amounts of 3 mol% (3YB-E) and 8 mol% (TZ-8YS) Y03
stabilized zirconia powders (Tosoh-zirconia, Japan) by dry-mixing for
overnight in a ball mill using zirconia ball. The powders were uniaxially
pressed at 335 MPa into 13 mm diameter and ~2 mm thick cylindrical
pellets. The pellets were sintered (pressureless) at 1300-1500 °C in air
for 5 h dwell time at 5 °C/min ramp rate during heating and cooling as
well. The sintered pellets were identified as 3YZ, 4YZ, 5YZ, and 6YZ,
respectively, for 3 mol%, 4 mol%, 5 mol%, and 6 mol% Y503 content in
the batch composition.

2.2. Evaluation of properties

2.2.1. Bulk density and apparent porosity

Bulk density and apparent porosity of the sintered samples were
determined by Archimedes principle, according to ASTM C373-88 [37].
At least five samples were used and the average values are reported. The
samples sintered at 1400 °C were used for further characterizations.

2.2.2. Mechanical properties
Biaxial flexural strength of the sintered samples were evaluated ac-
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cording to ISO 6872:2015 [38]. The specimens were supported by three
hardened steel balls (4.5 + 0.2 mm diameter) positioned 120° apart in
the fixture in a universal testing machine. The load was applied with a
flat punch with a diameter of (1.4 + 0.2) mm at the center of the
specimen with 1 mm/min crosshead speed. The biaxial flexural strength
(o) is calculated by:

—0.2387P(X — Y)
o=

Where P = load causing failure (N),

ceoson(s) < [1540)
s o-ote)

b = specimen thickness, mm

9 = Poisson's ratio, 0.3

r; = radius of support circle, mm
ro = radius of loaded area, mm
r3 = radius of speciemn, mm

Top and bottom surfaces of the sintered samples were manually
polished to an optical finish sequentially with 30 pm, 15 pm, 9 pm, 3 pm,
and 1 pm diamond paste. Manual polishing was performed to avoid
stress induced t—m transformation at the surface. The polished samples
were divided into four groups.

One group of the polished samples were used for hardness mea-
surement by Vicker’s indentation method (ASTM C1327 —15) [39] using
1 kg load (Micromet II, Buehler, IL, USA). At least 10 indents were used.
The Vickers hardness (GPa) was computed as

P
HY (GPa) =0.0018544 <E>

Where, P = force (N) and d = average length of the two diagonals of the
indentation, mm.

2.2.3. Optical properties

One group of the polished samples were used for translucency and
glossiness measurement. The translucency parameter was determined
by modified CIELAB equation [40]. The CIE L*a*b* parameters were
measured on white and black backgrounds using a Munsell-like neutral
value scale sheet background with a spectrophotometer (Color-i7,
X-Rite, Grand Rapids, MI, USA), in reflectance mode, and using CIE
L*a*b* system. The spectrophotometer was calibrated according to the
manufacturer’s instructions before each reading. The specimens were
placed in direct contact with the aperture and no coupling medium was
applied. The reading was repeated three times for each specimen and the
average value was used for the analysis. Translucency parameter was
measured as the difference in L*a*b* read on white and black back-
grounds. Translucency parameter, AE50, was calculated by the equa-
tion below:

AL N? AC\? AH \? AC\ [ AH' "2
AEsp 0 = R,
00 {<KLSL> * <KL'SC> + (KHSH> T (K(‘S(-> <KHSH>:|

where AL’, AC’, and AH’ are differences in lightness, chroma, and hue;
Rt (rotation function) accounts for the interaction between hue and
chroma in the blue region; S, Sc, and Sy adjust for variation in the
L*a*b* coordinate system; and K, K¢, and Ky correct for experimental
conditions (Ky, = 1.0, K¢ = 1.0, Ky = 1.0 for this study).

Gloss of the polished samples were measured using a glossmeter
(Novo-curve Small Area Glossmeter, UK) using 60° geometry. At least
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ten gloss unit (GU) values from each specimen was recorded and
averaged.

2.2.4. Low temperature degradation

The low temperature degradation (LTD) of the specimens was eval-
uated by accelerated artificial hydrothermal aging at 134 °C in a Teflon
vessel enclosed in a high pressure container. The t—m transformation
was identified by X-ray diffraction technique in 27-35° 206 range. The
amount of monoclinic phase was quantified according to Ref. [41].

X 1{711)‘*‘1(711)"1
" I(mm) +I(Tn)m +I(rl()l)

where, Xy, is the fraction of monoclinic phase; I™ and I' are the in-
tensities, respectively, for the monoclinic phase and tetragonal phases.

The subscripts in I™ and I' indicate the corresponding crystallographic
planes.

2.2.5. Structural and microstructural characterizations

The crystal structure of the sintered specimens and the LTD speci-
mens were identified by X-ray diffraction technique (Siemens D500,
KRISTALLOFLEX DACO-MP 710/710 H) using Cu K, radiation (A =
1.5406 A). The sintered samples and the LTD specimens were scanned,
respectively, in 20°-80° and 27°-35° 20 range with 0.03° step size and
30 s dwell/step. The crystal structure was identified using Jade 10
analysis software and International Centre for Diffraction Data (ICDD).

Scanning electron microscope (SEM) (SEM, FEI Quantity 650 FEG)
was used to characterize the microstructure of the polished and ther-
mally etched (1300 °C for 30 min) sintered samples. Energy dispersive
spectrometer (EDS, AMETEK EDAX) attached to the SEM was used for
the elemental compositional analysis and reported in atomic%.

3. Results and discussion
3.1. Density and porosity

Bulk densities and apparent porosities of the YZ specimens sintered
at 1300-1500 °C range are shown in Table 1. The highest densities of
3YZ and 4YZ are found at 1400 °C sintering temperature but 1500 °C for
5YZ and 1300 °C for 6YZ specimens. The density decreases with
increasing Y203 content because of its lower structural density than that
of ZrO,. No specific trend in density has been observed with either Y503
content or temperature. However, the specimens sintered at 1400 °C
were selected for evaluation of different properties. The apparent
porosity follows the opposite trend, as obvious, compared to the density.

3.2. Crystal structure and microstructure

The XRD plots of the sintered YZ specimens are shown in Fig. 1. The
Bragg’s diffraction angle for the crystallographic planes of the tetragonal
and cubic polymorphs are too close to discern. The peak splitting cor-
responding to the tetragonal polymorph in 3YZ, however, decreases
with increase in Y»O3 content and tend to disappear for 6YZ. This
observation qualitatively confirms that the fraction of cubic polymorph
increases with more than 3 mol% Y503 content, consistent with the
Y203-ZrO, phase diagram [25].
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Fig. 1. XRD plots YZ samples sintered at 1400 °C for 5 h.

The SEM images of the sintered specimens are shown in Fig. 2. The
grain sizes are determined by linear intercept method. 0.33 + 0.03 pm
grains along with few larger grains are observed in the 3YZ. 0.32 + 0.02
pm grains are observed in 4YZ. Large (2.04 + 0.38 pm) and small (0.34
=+ 0.04 pm) grains are localized in 5YZ. Similarly, larger grains (2.20 +
0.46 pm) are mostly surrounded by the smaller grains (0.30 £ 0.02 pm)
in 6YZ. Smaller grains in 6YZ are also localized but apparently to the
lower extent than 5YZ. Higher £ ratio has been found for the larger
grains than the smaller grains for all the studied specimens - a general
trend as shown in Table 2. The difference in the diffusivity of Y>* ions
and 0% ions (Dgz > Dys:) [42] plausibly attributes to the varying £
ratio. Sporadic pores are present in all the specimens with a negligible
extent for 3YZ. The increased amount of pores in the microstructure of
the remaining specimens is consistent with the measured apparent
porosity. Pores are present at the grain boundaries as well as inside the
grains of 5YZ and 6YZ specimens (Fig. 2d—f) while only at the grain
boundaries in a localized region of 4YZ (Fig. 2b).

3.3. Mechanical properties

The fracture strengths of the YZ specimens sintered at 1400 °C are
shown in Fig. 3. The fracture strength of 3YZ is comparable with a recent
study [43]. The fracture strength decreases with increase in Y203 con-
tent, which may be attributed to the pores - the defects to originate
fracture. Pores are agglomerated in local region of 4YZ (Fig. 2b), and are
sporadically distributed at the grains and grain boundaries of 5YZ and
6YZ. The pores are the stress concentrator for mechanical failure. In
addition, microstructural heterogeneity (large and small grain sizes at
selected regions, and compositional variation) causes non-uniform stress
distribution under uniaxial load, causing strength decrease [44]. How-
ever, the average values of fracture strengths are comparable, except for
6YZ, considering the standard deviation. It is noted that the standard
deviation increases with Y203 content, likely due to higher porosity and
its non-uniform distribution.

The microhardness values, obtained by Vickers indentation method,
of the YZ specimens in Fig. 4 do not change significantly with increase in
Y203 content. Slight increase in hardness for 6YZ is within the experi-
mental error limit as reflected in the error bar. The hardness value of

Table 1
Bulk density and apparent porosity of 3-6 mol% Y203 stabilized zirconia sintered at 1300-1500 °C for 5 h.
Sample 1300 °C 1400 °C 1500 °C
Density (g/cm3) Apparent porosity (%) Density (g/cm3) Apparent porosity (%) Density (g/cm3) Apparent porosity (%)
3YZ 5.96 +£0.11 1.41 £1.0 6.07 £ 0.07 0.42 £ 0.34 5.98 £+ 0.02 0.72 £ 0.27
4YZ 5.85 + 0.05 1.6 +£0.97 5.98 + 0.04 0.82 + 0.75 5.96 + 0.03 0.79 + 0.47
5YZ 5.79 + 0.04 1.51 + 0.39 5.87 + 0.02 2.57 £0.25 5.93 + 0.03 1.15 + 0.52
6YZ 5.82 + 0.05 1.44 + 0.68 5.72 + 0.06 4.04 £1.25 5.78 + 0.05 2.86 + 0.74
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Fig. 2. SEM images of YZ samples sintered at1400 °C for 5 h: (a) 3YZ, (b) 4YZ at low magnification, (c) 4YZ at high magnification, (d) 5YZ, (e) 6YZ at low
magnification, and (f) 6YZ at high magnification. Low magnification images show the sporadic pores in 5YZ and 6YZ.

Table 2

Y
Zr ratio at the grain surface of the YZ samples sintered at 1400 °C for 5 h. See text

and Fig. 2 for the detail.

Sample Y ratio

Zr
3YZ 0.18 + 0.019 for large grains, 0.13 =+ 0.002 for small grains
4YZ 0.13 £+ 0.004
5YZ 0.25 + 0.009 for large grains; 0.15 + 0.005 for small grains
6YZ 0.22 + 0.004 for large grains; 0.13 + 0.001 for small grains

15871

3YZ is consistent with the literature report [8,32], even with alumina
dopant [45].

3.4. Translucency and gloss

The translucency parameter, AEppo0, and the gloss unit of the YZ
specimens are shown in Fig. 5. AEygqg increases from 2.37 to 2.74 with
increase in Y203 content from 3 mol% to 5 mol%, followed by a
decreased value of 1.35 for 6YZ. Translucency parameter values are
consistent with the literature report of similar thickness [46]. The
glossiness also increases up to 5 mol% Y»03 and then decreases for 6 YZ.
The measured translucency parameter is a combined effect of structure
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Fig. 4. Vickers micro-hardness of the YZ samples sintered at 1400 °C for 5 h.
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translucency of 6YZ.

3.5. Low temperature degradation (LTD)

Low temperature degradation (LTD) of the YZ specimens are re-
ported as monoclinic phase fraction (%) after aging of the YZ specimens
in water at 134 °C. The XRD plots of the aged specimens are shown in
Fig. 6 only for 5 h and 108 h for brevity. It is evident that the 6YZ is
degradation resistant for 5 h aging time while other specimens degrade.
As the aging time increases to 108 h, the intensity corresponding to the
monoclinic phase increases and tetragonal phase decreases. Monoclinic
phase is also observed for the 6YZ. These observations confirm that the
extent of degradation increases with increase in aging time. According to
a test protocol, although debatable, 5 h aging of YZ at 134 °C replicates
10-20 years in vivo (37 °C in human body) lifetime [50]. It is implied
that 6YZ specimen which contains 60% cubic phase, as per the powder
batch, is expected to remain stable for at least 10 years.

Fig. 7 shows the extent of LTD (% monoclinic) of the YZ specimens
with aging time. Y,O3 dopant in ZrO, generates oxygen vacancies to
maintain charge neutrality according to the Kroger-Vink notation

V20,-220Y), 4V, + 30%

The oxygen vacancies reorganize the atomic arrangement in the
crystal lattice to attain thermodynamic stability [51]. The thermody-
namic stability of YZ increases with Y203 content [52,53] and cubic
polymorph [51]. Accordingly, the LTD is the lowest for 6YZ.

The oxygen vacancies in YZ are annihilated by dissociative adsorp-
tion of Hy0 molecules according to

H,0+V; + 05« 2(0H),

Oxygen vacancy annihilation precipitates the Y3* ions from the
surface lattice, accompanied with lattice distortion, to maintain charge
neutrality. Subsequently, t—m polymorphic transformation occurs. The
repulsive force between Y3+ cations and localized lattice distortion lead

~ 3.00 - r 200
g 4, :
% 250 3 4o > . - 190
£ 200 ] . - 180
£ ] B A [ 5
(o] bl : =N E
£ 1.50 1 : 170 9
[=8 ] o o©
g 1.00 ] - 160 ©
S ] :
=] ] N
2 0.50 1 - 150
s ] i
F 0.00 1 : : F 140

P 4 5 7

A

(101)

—3YZ —4YZ —5YZ —6YZ

Y,0; (mol%)

Fig. 5. Translucency parameter and gloss unit of the YZ samples sintered at
1400 °C for 5 h. Diamond shaped symbols indicate translucency parameter and
the triangle symbols refer to gloss unit.

and microstructure of the studied YZ specimens. Y203 content decreases
birefringence due to increasing cubic polymorph, and increases point
defects (oxygen vacancies and cation vacancies) and porosities.
Decreasing birefringence should increase translucency but point defects
and pores scatter light [47-49]. Y>*segregation at the surface also
contributes to light scattering. Negligible £ variation in different grains
attributes to the highest translucency for 5YZ. Higher porosity and L
variation among grains (surface segregation) account for the lowest

Intensity (relative)

26 (°)
B (101)
—3YZ —4YZ
B —5YZ —6YZ
kS
o
=
G
=
9
£
-\-.M\W‘\‘.w’f&“‘?““-.‘
27 28 29 30 31 32 33 34 35 36 37
26 (%)

Fig. 6. XRD plots YZ samples aged in water at 134 °C for (a) 5 h and (b) 108 h.
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Fig. 7. Monoclinic phase percentage in the YZ samples aged in water at 134 °C
for 5 h-108 h.

to surface segregation.

6YZ exhibits superior LTD resistance but inferior mechanical and
optical properties while 5YZ exhibits a trade-off between these proper-
ties. Microstructural defects such as pores, and non-uniform grain size
distribution due to grain growth during sintering attribute to the inferior
mechanical and optical properties. These properties can significantly be
improved in 6YZ by developing defect-free microstructure by optimized
sintering kinetics.

4. Conclusions

Biaxial flexural strength, hardness, translucency and gloss, and low
temperature degradation (LTD) of 3-6 mol% yttria stabilized zirconia
(3-6YZ) have been investigated for the samples sintered at 1400 °C for 5
h. The density of the YZ samples decreases and the apparent porosity
increases with increase in Y203 content. Uniform grains of (~0.33 pm)
are found in 3YZ and 5YZ while non-uniform grain size distribution is
observed for 4YZ and 6YZ. The Vickers microhardness and the biaxial
flexural strength are, respectively, ~13.5 GPa and ~750 MPa for all the
YZ samples except for 6YZ. Increasing Y,O3 decreases the birefringence
effect and increases translucency, being the highest for 5YZ. Micro-
structural defects (pores, non-uniform grain size, and Y>* segregation at
surface) contribute to the decrease in strength and translucency for 6YZ.
LTD (t—m phase transformation) decreases with increase in Y03 con-
tent due to decreased tetragonality and abundance of oxygen vacancies
for structural stability. Less than 5% monoclinic phase was detected for
6YZ but ~80% for 3YZ after aging in a hydrothermal autoclave at 134 °C
for 108 h.
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