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Abstract

Alumina ceramics were reinforced with different amounts of stabilized-tetragonal zirconia nanoparticles, 3Y-TZP, and their
properties were evaluated aiming for future applications in orthopedic medicine. Different amounts of 3Y-TZP (3 to 15 wt%) were
mixed with AL,O, powder, using high-energy milling (400 rpm-24 h). Samples were uniaxially compacted and sintered at 1600
°C-2 h. The samples were characterized by their relative density, microstructure, and crystalline phases. Furthermore, Vickers
hardness, fracture toughness, and bending strength were determined. After the high-energy milling process, a considerable amount
of monoclinic (m) ZrO, was detected in the powder mixtures, besides the a-Al O, and tetragonal (t) ZrO, phases. After sintering
the samples presented relative densities greater than 98.5%, regardless of the amount of the Y-TZP additions used. Furthermore,
the monoclinic phase was reconverted into the tetragonal phase during sintering. The Vickers hardness varied between 1750 and
1690 HV, depending on the amount of Y-TZP added. Bending strength and fracture toughness were also sensitive to the addition of
Y-TZP, with values increasing from 351.5 to 701.7 MPa and K. from 3.5 to 5.6 MPa.m'?, indicating that the t-ZrO, grains enable
the activation of the transformation toughening mechanisms such as t—m phase transformation and residual stress. The biological
responses of the composites, evaluated by their cytotoxicity and chemical solubility, accredit the materials developed for future in

vitro and in vivo studies aimed at application as biomaterials.
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INTRODUCTION

Alumina (ALO,) is widely used as an important
engineering material in many fields. However, its high
brittleness represents a limiting factor for many applications
[1-4]. Therefore, many scientists explore new methods
to improve the fracture toughness and bending strength
of AlO,-based ceramics [5-10]. In particular, ceramic
dental restorations exhibit high susceptibility to fracture
under elevated compressive loads during mastication
[11, 12]. Incorporating particle dispersions as structural
reinforcement results in an increased toughness of the
ceramic matrix. Specifically, the allotropic transformation of
tetragonal (t) ZrO, into monoclinic (m) ZrO, absorbs energy
which otherwise would result in crack propagation, as in
the case of t-ZrO, particle dispersions in an Al,O, matrix
[13-15]. Nowadays a huge demand for ceramic materials
for biomedical purposes exists and, in particular, yttrium-
stabilized tetragonal zirconia polycrystals (3Y-TZP) are
widely used for implants and reconstructions in dentistry
[16]. Alumina-based composites with ZrO, additions as
reinforcement exhibit increased fracture toughness and
flexural strength when compared to pure AlLO, ceramics.
Several authors [17-20] investigated the influence of ZrO,
additions of up to 5 vol% on the densification and mechanical
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properties of AL, O, ceramics.

Zirconia is often used as a reinforcing material in
ceramic composites due to its excellent mechanical
properties. Pure zirconia is monoclinic at room temperature
and after heating up to 1170 °C it becomes tetragonal. With
increasing temperature, its structure changes to a cubic
fluorite that starts to appear at around 2370 °C. During
cooling, the transformation from the tetragonal phase into
the monoclinic phase is accompanied by a volumetric
expansion of up to 4.5%, producing stresses close to the grain
boundaries, leading to catastrophic failures in the densified
material. To minimize these effects, some oxides such as
Ca0, MgO, Y,0,, or CeO, are added to ZrO, to stabilize
the tetragonal phase, inducing a reduction in the stresses
caused by the volumetric expansion and preventing the
propagation of cracks in the material [21-23]. The tetragonal
ZrO, particles embedded in the Al,O, matrix undergo stress-
induced phase transformation and micro-cracks form around
existing alumina grains [24-26], resulting in an increase in
the fracture toughness. Furthermore, an increasing grain
size of the t-ZrO, phase increases the ability to trigger
the transformation during fracture, and therefore the
transformation toughness mechanism becomes predominant
[27-31]. The phase transformation is martensitic in nature,
following an athermal and diffusionless behavior with a
thermal hysteresis plus a shear mechanism. The starting
temperature of the martensitic transformation increases
proportionally with increasing grain size of the tetragonal
zirconia phase. This phenomenon is also directly related
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to the grain size distribution of zirconia in the composite.
The fracture toughness of ZTA composites (alumina-based
composites reinforced with ZrO,) is controlled and optimized
by the amount and grain size of the ZrO, particles. Reducing
the grain size to a sub-micrometer level is advantageous over
coarse-grained materials to improve strength and hardness.
The mechanical properties of zirconia toughened alumina
(ZTA) ceramics are closely related to different thermal
properties, mainly the thermal expansion -coefficient.
Furthermore, thermal shock resistance is directly related to
the maximum stress applied, the thermal conductivity, and
the thermal expansion coefficient [32-35].

A noble and high-value-added application area for these
ceramic biocomposites that is growing annually is orthopedic
medicine, especially in applications such as components of
femoral prostheses (ceramic joint balls). This importance
increases due to the increase in life expectancy of the world
population. Therefore, studies focused on presenting a set of
properties necessary for use as a biomaterial associated with
a usual processing technique are welcome. The objective of
this work was to incorporate 3Y-TZP nanometric powder
in an alumina matrix and evaluate the resulting mechanical
properties and preliminary biological evaluation, aiming for
future applications in orthopedic medicine.

EXPERIMENTAL

Commercial 3Y-TZP zirconia (TZ-3YSB-E, Tosoh,
Japan) and alumina (CT-3000 SG, Almatis) powders were
used, which main characteristics are detailed in Table I.
For the characterization of both powders, scanning electron
microscopy (SEM) and X-ray diffraction (XRD) were used.
The details of the procedures used for the characterization
are described later.

Processing: at first, the nanocrystalline powders of ZrO,
(3 mol% Y,0,), 3Y-TZP, and submicrometric AL,O, were
calcined at 700 °C for 120 min to remove residual organic
binders. Then, a suspension with isopropyl alcohol was
prepared adding Y-TZP in different proportions to Al O,.
Mixtures composed of Al O, with additions of 3, 5, 10, and
15 wt% of 3Y-TZP were prepared using a mechanical stirrer
for 120 min. Subsequently, the powders were subjected
to high-energy grinding, using a mill (Pulverisett, Fritsch,
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Germany), with ALO, balls and a grinding jar, for 24 h at
400 rpm. After milling, the powders were deagglomerated
using a ball mill (MA-500, Marconi; 50 rpm) with two-
shift alumina balls for 5 min and 1 min intervals between
each shift, as well as movements in both directions. After
deagglomeration, 5 wt% of PVA (polyvinyl alcohol)
polymer as a binder was added. The powder mixtures
containing binder were then homogenized by sieving
through a 63 pum sieve. Cylindrical samples (n=15/group)
with 15 mm diameter and 1.4 mm thickness were uniaxially
compacted in two pressing stages: 1) pre-compaction at 50
MPa-30s; and 2) 100 MPa-60 s. The compacts were sintered
in an electric resistance heated furnace (F1650, Maitec). The
sintering cycle adopted consisted of using a heating rate of
0.5 °C/min up to 600 °C, a 1 h hold, followed by further
heating up to 1600 °C with a heating rate of 2 °C/min, and
an isothermal holding time of 2 h. Cooling took place using
a cooling rate of 5 °C/min until room temperature.
Characterizations: the compacted samples as well as the
sintered samples were characterized by XRD analysis in a
diffractometer (XRD-6000, Shimadzu). The analysis was
conducted with CuKa radiation in the 20 range of 20° to 80°,
a step width of 0.05° and an exposure time of 5 s/step. The
crystalline phases were identified using the Crystal Impact
Match and the PDF-4-ICDD database (International Center
for Diffraction Data, USA). The relative density of the
sintered samples was determined as the ratio between the
apparent density and the theoretical density (obtained by the
rule of mixtures) of each mixture. The apparent density, in
turn, was obtained using the Archimedes method. Sintered
samples, representative of each prepared composition, were
sanded and polished using an automatic polisher (Ecomet,
Buehler, Germany). After polishing, the surfaces were
cleansed in an ultrasonic bath and subjected to a thermal etching
at 1500 °C for 15 min, with a heating rate of 15 °C/min, to reveal
the grain boundaries. These surfaces were then metalized
and observed by SEM (TM3030, Hitachi). The grain size
distributions were determined using the Image J software,
measuring around 500 grains per sample group.
Mechanical properties: the hardness and fracture
toughness of the sintered samples were determined using the
Vickers indentation method according to the ASTM C-1327-
15 standard [36]. In this characterization, a microhardness

Table I - Characteristics of the raw materials used in this study (manufacturer’s data).

ALO, 3Y-TZP (ZrO,-3 mol% Y,0,)
Characteristic
Almatis: CT-3000 SG Tosoh: ZPex
Purity 99.8% 99.7% (ZrO,+HfO,+Y,0,)

Average particle size (nm) 300 40
Specific surface area (m?/g) 8.0 13.0

Density (g/cm?®) 3.98 6.05

Thermal expansion coefficient (°C™) 8.5x10° 10.5x10°¢
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tester (DHV-1000Z, Time) was used, applying an
indentation load of 9.81 N. The fracture toughness obtained
by the Vickers IF indentation technique, K ., was determined
considering a c/a ratio <2.5 valid for the Palmqvist crack
system, as proposed by Niihara [37], according to:
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where E is the theoretical Young’s modulus (GPa), HV
is the hardness (GPa), P is the applied load (N), a is the
length of the indentation diagonal, and 1 is the crack length
of indentation mark (mm). The flexural strength was
determined by piston-on-3-ball (P-3B) testing, following
the recommendations of the ISO 6872-15 standard [38]. The
test was performed using ¢12x1.3 mm sintered disks in a
universal testing machine (DL 10000, Emic, Brazil). During
the test, a constant loading rate of 0.5 mm/min was used.
The dimensions of the specimens were measured with a
caliper. The flexural strength, 6. (MPa), was calculated by:

_ -0.2387.N.(X-Y)
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where N is the maximum force (N), v is the Poisson’s
ratio (0.25), r, is the radius of the supporting circle (5.50
mm), 1, is the radius of the loading area (0.70 mm), r, is
the specimen radius (mm), and b is the specimen thickness
(mm). The statistical analysis of flexural strength was carried
out using Weibull statistics [39]. The two-parameter Weibull
distribution function was determined according to:
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where P is the failure probability, m is the Weibull modulus,
o, is the characteristic stress (MPa), and ¢ is the fracture
stress (MPa). The Weibull parameters m and o, were
obtained by transforming Eq. E into:

P=1-exp

InIn (l}_P): m.ln ¢ - mln o F)
and plotting Inln[1/(1-P)] versus Inc. The characteristic
stress, o, corresponding to 63.2% failure probability, was
estimated as a reference and compared to the average stress
values.

Cytotoxicity and chemical solubility: the in vitro
cytotoxicity test was performed according to ISO 10993-
5 [40], by the neutral red uptake methodology (negative
control: high-density polyethylene; positive control: natural
rubber latex film). Further details of this experiment were
reported by Santos et al. [41]. A chemical solubility test

was performed in duplicate, using an acetic acid solution
(4 vol%) in distilled water. Clean and dry samples were
weighed with an analytical balance (precision 0.1 mg) and
then immersed in 100 mL of the acetic acid solution at 80 °C
for 16 h. Then the samples were washed in distilled water,
dried at 150 °C-4 h, and reweighed. The mass difference
between samples before and after the chemical solubility
test indicated the chemical solubility of the material.

RESULTS AND DISCUSSION
Characterization of powders and sintered samples

Fig. 1 presents SEM images of the starting powders used,
showing spherical agglomerates formed by spray-drying.
Fig. 2 presents the results of the X-ray diffraction analysis
of the compacted and sintered samples, respectively. The
XRD results of the compacted samples (Fig. 2a) indicated
the presence of ALO,, m-ZrO,, and t-ZrO, as crystalline
phases. The presence of monoclinic ZrO, was due to the
milling process used in the homogenization of the mixtures,
due to mechanical impacts between the particles. After the
sintering process at 1600 °C-2 h (Fig. 2b), the diffractograms
revealed that the sintering process was effective, promoting
the reconstruction of the tetragonal phase m—t-ZrO,.
However, samples containing 15 wt% of ZrO, still showed
some low-intensity m-ZrO, peaks, suggesting that although
the ALO, matrix restricts the t—m-ZrO, transformation
during cooling, the samples presented residual stresses
during cooling that favored the allotropic transformation.

The SEM micrographs presented in Fig. 3 show the
microstructure of the sintered samples with different
ZrO, additions. Zirconia grains (light phase) with a grain
size smaller than 1 um were homogeneously distributed
in the AL,O, matrix (gray phase). It was observed that the
ZrO, grains were located at the grain boundaries of the
Al O, matrix. The location of the ZrO, grains at the grain
boundaries of the Al,O, matrix influenced the grain growth of
the Al O, grains, resulting in a decrease of the average Al,O,
grain size with increasing amount of ZrO, particles added.
The inhibition of the grain growth of ceramic matrix grains
due to a secondary dispersed phase has also been observed
in previous works [42-44]. Fig. 4 presents a summary of
the grain sizes of Al,O, and ZrO,, as well as of the fracture
toughness of the sintered composites as a function of the
Y-TZP content. After applying a load of 9.81 N, the cracks
formed were of the Palmqvist type with a c/a ratio varying
between 0.65 and 1.06. As shown in Fig. 4, an increasing
amount of ZrO, particles in composition led to a decrease in
the average grain size of Al,O,, diminishing from 4.5 pm (3
wt% Zr0,) to 2.5 um (15 wt% ZrO,). According to previous
works, cracks in ZTA ceramic materials tend to propagate
along grain boundaries (intergranular fracture). Part of this
fracture energy stimulates the allotropic transformation
mechanism t-ZrO,—m-ZrO, at the grain boundaries, thus
impeding crack propagation [45, 46]. This mechanism is
the reason for the observed increase in fracture toughness
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Figure 1: SEM micrographs of the starting (agglomerated) powders: a) AL,O,; and b) 3Y-TZP.

. g § I~ o a-Al,O3 (Space Group: R-3c )
a) N ER=) 5 < = T: 210, (Space Group: P42/nmc)
5_; E b R M: Z10, (Space Group: P21/c)
5 g8 g
| E 75| |2 =
T\s 8 ¢ ¢ _
. _ ; 2 A: 3 5 5
2| g 71Fg g a8l || 12 g5
TR U R A S NS g
2 | Z USRS YAt sre
il —
[= &
UV VO WV VTN - e
l
|
B UV U Y W VI ) W
I I e
20 30 40 50 60 70 80

20 (degree)

g g ‘6_‘ @ o a-Al,04 (Space Group: R-3c )
b ) hal Aol T: 21O, (Space Group: P42/nmc)
=]
) & n g L Zr02 (Space Group: P21/c)
) = S
=] =) =
—~ 3 —
5 s® ¢ %
= ] & 8
3 i s 3 .
’ 5
hs
‘ ‘ © 5
= S~
= =4 —~
= ‘ S ‘L =8 )
D < = o g
| St
|

o

G L 159wt v-Tze

LM,;_M\_.M)\_ 10%wt Y-TZP

IL__/\J'L_J LA/L,\.‘./{U\;.__«_J'\.__ 5%wt Y-TZP

-

Intensity
5
fuc
e
g
61?

h; ) 3%wt Y-TZP

50 60 70 80
20 (degree)

Figure 2: XRD patterns of: a) compacted powder mixtures; and b) sintered (1600 °C-2 h) composites.

from 3.54 to 5.62 MPa.m'? in the composite materials when
increasing the ZrO, concentration from 3 to 15 wt% ZrO,.
Fig. 5 shows the influence of increasing ZrO,
concentration on the densification and hardness of the
AlO,-ZrO, composites. Increasing amounts of ZrO,
improved the sinterability of the Al,O, matrix, promoting
higher densification of samples sintered at 1600 °C-2 h. On
the other hand, hardness decreased linearly as a function of
increasing ZrO, concentration, diminishing from 1750 HV
(3 wt% ZrO)) to 1690 HV (15 wt% ZrO,). The decrease
in hardness in the materials produced was associated with

the hardness difference between the two components,
where the hardness of ZrO, (1300 HV [47]) is lower than
the hardness of ALO, (1900 HV [48]). Fig. 6 shows the
influence of ZrO, concentration on the Weibull statistics of
composites sintered at 1600 °C-2 h. Although the standard
suggests that the test to determine the Weibull modulus be
carried out on 30 specimens, the Weibull modulus (m) was
m=7.3 (3 wt% ZrO,), m=4.7 (5 wt% Zr0,), m=12.8 (10 wt%
Zr0,), and m=8.1 (15 wt% ZrO,) for 10 specimens tested
in each condition. This significant increase of around 270%
represents a significant increase in the reliability of the
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Figure 3: SEM micrographs of the AL,O, composites containing different amounts of 3Y-TZP: a) 3 wt%; b) 5wt%; c) 10 wt%; and d) 15
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Figure 4: Average grain size of ZrO, and Al O, grains and fracture
toughness (K,.) of the composites after sintering at 1600 °C-2 h.

composites produced. The brittle fracture of ceramics such as
alumina is associated with residual porosity, microstructure

(grain size), and grain morphology, with crack deflection as
the main toughening mechanism, in the case of ceramics that
present intergranular fracture [49]. The gains in reliability,
denoted by the increase of the Weibull modulus, infer that
the Y-TZP grains, known to possess toughening mechanisms
by phase transformation, are fundamental for the refinement
of the microstructure of the alumina matrix, in addition to
improving the densification of composites.

A proposed mathematical model allows for determining
the mechanical strength from E, v, and a [50]. The variables
presented in Table II were determined using the rule of
mixture for ceramic materials. Table II shows the results of
fracture energy (y), flaw size (a), and mechanical strength
(o,) of the samples after sintering at 1600 °C-2 h, obtained
by the relation proposed by Irwin. The corroboration of the
results with other authors showed the toughening effect
of ZrO, on the ALO, matrix. The influence of the ZrO,
concentration was determinant in increasing the mechanical
strength of the samples from 351 to 701 MPa for samples
containing 3 to 15 wt% ZrO,, respectively. According to the
linear elastic fracture mechanics, the mechanical strength of
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Figure 5: Vickers hardness and relative density of the Al,O,-ZrO,
composites sintered at 1600 °C-2 h.

Table II - Mechanical parameters used in the strength analysis.
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Figure 6: Weibull plots of the fracture strength distributions of
composites containing 3, 5, 10, and 15 wt% of Y-TZP sintered at
1600 °C-2 h.

Material Young’s modulus, Poisson’s K. Y, a o,
E (GPa) ratio, v (MPa.m'?) (J/m?) (um) (MPa)
ALO, 380.0 0.220 - - - -
Y-TZP (Zr0,-3 mol% Y,0,) 195.0 0.250 - - - -
ALO,/Y-TZP (97-3) 374.4 0.221 3.54 10.3 25.7 351.5
ALO,/Y-TZP (95-5) 370.7 0.221 4.13 10.6 11.5 613.5
ALO,/Y-TZP (90-10) 361.5 0.223 4.81 10.3 14.1 645.2
ALO,/Y-TZP (85-15) 352.2 0.225 5.62 14.5 16.3 701.7
a material is defined by the Irwin equation: tensile surface and during bending would be the main factor
responsible for the failure of the materials. However, one
B Ky must consider the effect of the reduction of residual porosity,
O yan ©) identified by the increase in densification in composites with

where K. is the fracture toughness, a is the natural flaw
size, and Y is the dimensionless calibration factor (Y=1.4
[51]). The fracture toughness can also be associated with the
fracture energy (7,) by:

K,.=V2.Ey, (H)

where E is the Young’s modulus. These equations determine
that the mechanical strength of a ceramic material can
be characterized by three factors: the flaw size, Young’s
modulus, and the fracture energy. Based on classical
equations from the fracture mechanics of brittle materials
it is possible to predict the fracture energy and calculate the
critical flaw size. Table II also presents calculated values
of the theoretical fracture energy and the critical flaw size,
using the experimental results obtained, which were close
to consistent values. Critical flaw sizes of 11 to 25 pum
may be present in regions of maximum stress such as the

higher Y-TZP contents, in addition to the higher amount of
zirconia particles, which were well dispersed in the ALO,
matrix and that acted as regions of shielding for the crack
growth. The ZrO, grains induced the toughening mechanisms
by the t—m transformation and microcracking, in addition to
compressive residual thermal stresses, resulting in increased
fracture toughness and flexural strength of the composites.

Preliminary biological assessment

Fig. 7 shows the cytotoxicity results of the sintered
samples for composites containing 3% and 15% Y-TZP.
The results indicated that the composites exhibited a non-
cytotoxic behavior and therefore are biocompatible since all
samples showed similar behavior to the negative control.
Only the positive control showed 34% cytotoxicity, i.e. an
extract concentration of 34% caused death in 50% of the
cell population. The cytotoxicity index (IC,, ) is found as
the point of intersection between the curve of cell viability
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Table III - Results of the chemical solubility testing.

Initial mass

Mass after acetic acid solution 4% Mass, final measurement after drying at

Material (mg) v/v (mg) 150 °C-4 h (mg)
7r0,(3% Y,0,) 2.3 23 2.3
ALO, /Y-TZP (97-3) 1.1 1.09 1.09
ALO,/Y-TZP (85-15) 1.0 0.99 0.98
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Figure 7: Results of cytotoxicity test on ALO, samples sintered
with 3% and 15% Y-TZP.

and the line of 50% viability, as shown in Fig. 7. Table
IIT shows the results of the chemical solubility test of the
sintered composites containing 3% and 15% Y-TZP, and
100% Y-TZP as reference. Based on the weight loss between
the samples before and after the chemical solubility tests
which is an important property for application in biological
systems such as prostheses or implants, it can be stated
that the composites presented high chemical stability. This
information, even if only on a preliminary basis, classifies
the composites for future biological applications.

CONCLUSIONS

The beneficial effects of the reinforcement of alumina
ceramics with t-ZrO, nanoparticles on the microstructural
development and the mechanical properties were
demonstrated. The ZrO, grains located at the grain
boundaries of the AlLO, matrix significantly reduced the
grain growth of the Al,O, grains with increasing amounts
of ZrO, particles added. The grain size of the Al,O, grains
was reduced from 4.5 to 2.5 pm when 3 to 15 wt% ZrO,
particles were added, representing a decrease of about 55%.
The transformation toughening mechanism of t-ZrO, into
m-ZrO,, besides the smaller average grain size, resulted in
a significant increase in bending strength (351 to 701 MPa)
and fracture toughness from 3.54 to 5.62 MPa.m'? when
increasing the ZrO, concentration from 3 to 15 wt% ZrO,.

At the same time, an increased reliability of the composites,
as expressed by a higher Weibull modulus (m), was also
observed, which increased from m=4.7 to m=12.8. On the
other hand, a decrease of hardness with increasing amount
of ZrO, was noted, diminishing from 1750 HV (3 wt%
Zr0,) to 1690 HV (15 wt% ZrO,). Finally, the preliminary
biological evaluation by cytotoxicity and chemical solubility
tests demonstrated the potential of the AlO./3Y-TZP
biocomposite for future orthopedic applications, presenting
satisfactory biological and chemical stability, combined with
the high mechanical properties mentioned above; however,
tribological evaluations under hydrothermal degradation
conditions must be carried out to make these bioceramics
suitable for in vivo testing.
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