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Abstract

Aim of the present study is to sinter zirconia nasraposite powders doped with ceria
and toughened with alumina (10Ce-TZR@d) by non-conventional means, i.e.
microwave sintering technology. The sintering efeaf various microwave applicators
and frequency generators were evaluated using timiepd experimental set-up. The
microwave-sintered samples were compared with thenposites sintered by the
conventional method. The mechanical properties haf teramic composites were
evaluated by their hardness, fracture toughnessyautg’'s modulus. Likewise, their

density and microstructure were analysed.
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1. Introduction

The biomaterials market is currently on the risetlee use of materials as a substitute
for different tissues and parts of the human boaly imcreased in recent years due to

increased life expectancy and quality of life.

Depending on the item to be repaired or replacedy different materials can be used,
including metals, polymers and ceramics. Each grougs advantages and
disadvantages. Indeed, ceramic materials are beanrgasingly used because of their
biocompatibility and bio-inertness, but their haads and fragility still represent their

main disadvantages [1,2].

Zirconia-based composites are commonly used tololeveetal-free restorations and
dental implants because of their superb mechamgberties, biocompatibility and

aesthetics. Moreover, in accord with a new repartied out by Grand View Research,
Inc., S. Francisco, USA, the global bio-ceramicgkeiis expected to achieve 19.05
billion dollars by 2022; the most used bio-ceranaos and will continue to be alumina,
zirconia and their composites — the material tostuglied in this work is an alumina-
toughened zirconia composite [3]. The additionlafrana to the zirconia matrix causes
an increase in hardness and fracture toughness wsigrain growth slows down to

significantly reduce its size [4,5].

Tetragonal zirconia polycrystalline (TZP) is stéd@d with ceria oxide (Cef this is a
less known dopant, as the one commonly used fosttimlisation of zirconia is yttrium
oxide. Using Ce@as a stabiliser makes it possible to improve thet@ire toughness
and reduce the low temperature degradation (LTEfesad by the TZP samples [6].
Low temperature degradation is considered a bigplprno for biomaterials; zirconia is
especially susceptible to be degraded in the poesehwater [7—9]. Due to this aging,
400 femoral heads broke down in a brief periodragtin 2001 [8]. This creates a huge
demand for a bio-ceramic with reduced hydrotheragsing. Therefore, the composite
studied in this work was 10 mol% Ce-TZP/Bin the ratio of 65/35 vol%. Only a few

values of fracture toughness for the 10 mol% Ce/AZ#®; composite using the



Vickers indentation method have been reportederlitarature. According to Tenaka et
al. [10], toughness is measured at 20.1 MP4-for a nanocomposite of 10 mol%
CeQ-stabilised TZP doped with 0.05 mol% of Ti@nd 30 vol% of AlO; as a second

phase.

However, obtaining dense ceramics with adequateepties and energy-efficient

processes is currently a great challenge. The ehoicsintering technology is very

important to produce sustainable ceramic materfishange in sintering mechanisms
— and consequently the properties of the sintesedpte — depends on the sintering
technology used [11]. Therefore, innovative fwamventional approaches for ceramic
processing, such as microwave sintering, are emgrp decrease time and energy
consumption and, consequently, its environmentglaich In the field of biomaterials,

the development of these innovative technologiesteen induced by the increase in
demand for materials which are able to support specifications, as well as the need
to cut processing times and costs. In this studywventional and non-conventional

processes, i.e. microwave dielectric heating, wemepared to obtain 10 mol% Ce-
TZP/Al,O3 nanocomposites.

Microwave sintering does not require energy to hieatentire furnace, so many of the
components of a conventional furnace are not nacgsdlence, the use of this
technology substantially reduces energy expenditespecially in high-temperature
processes, thus thermal losses increase consig@sbintering temperatures rise.

The heating processes involved in conventionalmmtowave sintering are completely
different; in conventional sintering, the directioh heating is from the surface of the
material to its interior. Nevertheless, microwawating follows the opposite direction,

heat flows from the inside to the outside; thiknewn as volumetric heating [12—-14].

Ever since the early investigations on the micravawtering of zirconia [15-17] and
ZrO,/Al,03 composites [18-20], ceria has also been addeddditi@en to zirconia
[21,22]. But a proper approach to microwave singgrhas only recently led to the

complete process control of Zr@intering [23,24].

The shape of the ceramic samples as well as theowage frequency used can cause
temperature gradients that make it difficult to this@ body uniformly. However, most
of the research carried out to date uses microveggaicators with the most diffuse



frequency (2.45 GHz), although many ceramics exhdw dielectric loss or in other

words,poor microwave absorption characteristics at tlagdency.

In this sense, the main objective of this study weasbtain highly densified samples of
10 mol% Ce-TZP/AIO3; through microwave sintering using two differentvitas
operating at two frequencies: 2.45 GHz and 5.8 GHe. suggested study opens up the
possibility of investigating changes in geometry vasll as the frequency of the
microwave source and its effect on both energygiefficy and processing time.

This work studies the correlation between the nsictecture and mechanical properties
of microwave-densified samples, and the resultscarepared with corresponding 10
mol% Ce-TZP/AjJO; materials obtained through conventional sinteiimgn electric

resistance furnace.

2. Materials and methods

The studied composite was prepared in the laborative starting powders were ZrO
with 10 mol% CeQ@ (10Ce-TZP, Daiichi Kigenso Kagaku Kogyo, Japany, 3b nm,
and alumina (SPA 0.5, Sasol, Germany),380 nm. The proportion of the composites
was 65 vol% of 10Ce-TZP and 35 vol%,8% (10Ce-TZP/A}O3). This composition

was based on a previous study [25].

10Ce-TZP/A}O3 nanocomposite was prepared by mixing and dryitapl& slurry with
67 wt% of solids was prepared in distilled waterattrition milling at 45 Hz for 3.5
hours, using Dolapix CE-64 as a dispersant. Sulesgqo this attrition milling, the
slurry was spray-dried using Optapix PA4G as a diirtd ensure the formation of the
granules. A peristaltic pump was used to introdiheeslurry into hot-air stream, which
was cooled through the evaporation of the watanftibe surface of the particles. After
the spray-drying process, the powder presentectaar fluidity. Green samples were
uniaxially pressed at 80 MPa with a Shimadzu AGIX¥sRo obtain cylindrical bodies
with a diameter of 10 mm and a height of 3 mm, Wwhigere then employed for the

sintering tests.

Conventional sintering (CS) was performed in arctele furnace at two different
temperatures (1,400 and 1,500 °C) with a heatiteya10 °C/min and a dwell time of

120 minutes, under atmospheric conditions.



Microwave technique (MW) was conducted in two micawe systems operating at two
different magnetron frequencies, 2.45 and 5.8 GHe first heating test was carried
out in a cylindrical cavity operating in single-ne(TE 1) at 2.45 GHz frequency. The
cavity has a hole with a diameter of 30 mm at e Wwhere a quartz tube, which
contained the sample, was introduced. The temperatnsor was also placed in the

same hole.

Both the position and dimension of the hole wasighesl to avoid leakage of
microwave from the cavity and make sure the ingicgmt perturbation of the resonant
mode. The sample was located in the centre of dkigyc where the maximum electric
field magnitude was held. A moving short-circuitthé bottom of the cavity made it
possible to vary the cavity dimensions and favberdielectric properties of the sample
during the sintering process [26]. An optical pyeder, previously calibrated in this

temperature range, was used to measure the sangbertature.

The 5.8 GHz single-mode applicator used for thislygthad a cavity with rectangular
geometry (WR159) shorted by a moving plunger. Tamperature was monitored
simultaneously with the microwave sintering usingagphire fiber (MIKRON M680

Infraducer, Mikron Infrared Inc., Santa Clara, G4SA), that directly touched the free

upper surface of the sample and was connectegigmal conditioner.

A specific temperature detection procedure was iegppto correctly monitor the
sintering cycle, optimised by the Microwave Apptioa Group at the University of

Modena and Reggio Emilia, Italy [27].

Samples were introduced into the two single-modatiea with different frequencies,
which were adjusted to optimize the microwave gttson of the material as well as to
maintain the heating rate of 50 °C/min. Two fit@peratures were selected, 1,200
and 1,300 °C, with a dwell time of 10 minutes & #intering temperature [28,29]. A
silicon carbide susceptor was employed in bothtesvin order to aid the heating of the

sample in the microwave cavity.

The Archimedes method was used to evaluate thedersities of the sintered samples
in line with the ASTM-C-373 standard. Mechanicaloperties were assessed on
surfaces that had been polished down to 1 um wsarmgond paste. Hardnedd)(and

the Young's Modulus ) were measured by nanoindentation technique, using
Berkovich tip (G-200; Agilent Technologies, Baragdp Spain). Tests were calibrated



with silica standard and operated at a maximumhdeptl,500 nm. The continuous
stiffness measurement was used to determine thtactostiffness and calculate the
hardness profiles and elastic modulus. Each sampke tested with a matrix of 16

indentations, whose amplitude were set to 2 nmfilacmency of 45 Hz.

Fracture toughnes¥c [MPam'?, was calculated through the indentation fracture

method following the equation of Evans et al. [30]:
C _1.5
= = . . q%5
K, = 0.16 (a) Hy-a
whereHy, is the Vickers hardness andm] anda [m] are the Palmqguvist crack and the
half length of the Vickers impression, accordinglhe loads applied in this test were
20 kg for 15 seconds with a Centaur HD9-45 (Meehtaur, S.L., Bilbao, Spain).

Five measurements were done for each sample.

Specimen microstructures were characterised by snednfield emission-scanning
electron microscopy. A 30 minutes thermal etchirag werformed at 100 °C below the
maximum temperature to reveal grain boundaries.lifiear intercept method was used
to measure the average grain sizes of both zircamthalumina [31]. Approximately

100 grains were considered for each phase.

3. Results and discussion
Densification

The relative density of the studied composite 10ZE/Al,03, can be seen in Figure 1.
Theoretical density has been measured from theedemsdered material with a helium
pycnometer (AccuPyc 1330, Micromeritics, Georgi&A), which value is 5.06 g/cin

With the increase of the sintering temperature, ithiative densities underwent a

constant rise from 98.5 to 99.5%.

With regard to the results of microwave sinteritigg first significant outcome is that
the density values of the material vary with thegfrency of the electromagnetic field
applied. The composites that were sintered at &H3 show a slightly lower density
than those sintered at 5.8 GHz. An increase in aniave frequency can lead to an

improvement in the absorption of microwaves by #eramic material, thereby



transmitting more energy to the material. As a ltesu slight increase in the final

density of the ceramic was registered.

When both sintering technologies are compared,diresity of microwave-sintered

materials are higher (from 98.7% at 1,200 °C - 1Qutes at 2.45 GHz - to 99.5% at
1,300 °C - 10 minutes at 5.8 GHz), even though tleye processed with lower

temperatures and sintering times than the conwveaitioprocessed material. Thus, the
sample sintered by CS at 1,500 °C for 120 minutes the same relative density as
those sintered by MW for 10 minutes at 5.8 GHz 3390 °C.

Briefly, to achieve relative densities above > 98./equires 350 minutes and 1,500 °C
in conventional sintering, while the MW needs 0By minutes at 1,300 °C using 5.8
GHz to obtain similar dense specimens. Thereforee cemarkable result is that
microwave sintering allows highly sintered sampiede obtained in less processing
time and at considerably lower temperatures tharveational sintering method. It is
important to note the high demand for reduced @siog times in many fields like the
dental sector. Even if we assume an incorrect teaye determination in the case of
microwave sintering, a shorter process time calh lsé observed - having used
perfectly identical specimen geometries and ma@eesa detailed discussion on the

measurement of temperature under microwave iriadiagee Refs. [27,32]).

The differences in relative densities between the sintering methods: MW and CS
samples can be associated to the different mechanised to heat the samples. The
heating in CS is generated by heating element$, asicesistors, and transferred to the
specimen by radiation, conduction and convectidmereby the outside of the sample is
heated before the core. The heat penetrates frenexterior to the bulk through the

conduction phenomena.

In contrast, microwave heating is able to reaclatgreheating rates than conventional
methods. This fact is because microwave powerssraled directly by the material and
it is heated. This is why microwave sintering doest only depend on thermal
conduction to transfer heat [33]. Additionally,has already been demonstrated that
dielectric heating activates the surface mass p@hsmechanism, which efficiently

closes the pores [32].

It should be noted that the generation, propagati@habsorption of microwaves within
the volume of the material as well as the tempegatuthe evolution and distribution of



the electromagnetic field in the resonant cavitiedluence the densification and
therefore the final properties of the material oi#d. It has been that the microwave
power absorbed by the material depends to a gréatteon their position in the cavity
[34].

On the other hand, in this study, it has been eleskethat the use of 5.8 GHz frequency
for the sintering of ceramic bodies has some bemedimpared to the use of a 2.45 GHz
microwave source. Another important factor is theorgetry of the cavity and
homogeneity of temperature distribution. In thisrkya rectangular cavity was used at
5.8 GHz and a cylindrical cavity at 2.45 GHz. A dnchange in the microwave power

absorbed by the material can lead to enhancedfobartisin.
Microstructure and grain size

FE-SEM micrographs of 10Ce-TZP/&; composite obtained by microwave sintering
at 2.45 GHz and 5.8 GHz and its comparison to cotiwmeal sintering are shown in
Figures 2 and 3.

As can be seen, the samples that were sintereditrpwave at lower temperature
(1,200 °C) show little residual porosity compareithvsamples sintered at 1,300 °C.
Small differences in MW-processed samples can bs&erobd as temperature and
frequency increases. At 5.8 GHz, the samples shal&nse microstructure with less
residual porosity than those obtained at 2.45 GHz.

The grain sizes of zirconia and alumina are smalan 550 nm for the composites
obtained at both frequencies. The grain size omala (dark grains) is maintained
between 270 and 380 nm, while that of zirconia $etadincrease with temperature and
frequency (from 240 nm at 1,200 °C and 2.45 GHz20 nm at 1,300 °C and 5.8 GHz).
In the sintering process, finely distributed pdetscof zirconia delay the movement of
the alumina grain boundaries, inhibiting the growththe alumina grain [35]. The

increase of the zirconia grain size is promotedcedhe sample is completely dense.

Specimen 10Ce-TZP/AD; prepared by conventional sintering shows a slighitjher
grain size for both zirconia and alumina phaseguiéi 3b shows the fully dense
microstructure and the finer alumina graih®30 nm) were dispersed homogeneously
in the zirconia matrix((670 nm). In Figure 3a, a small porosity can be olexkt This

matches the relative density data previously itatsd in Figure 1.



As an overall conclusion, microwave sintering destmted the expected advantages of
grain size retention together with an evident réidacin energy consumption and
processing times; indeed, the typical and high @¢pet microwave heating can
contribute to obtaining better quality productsadmg to final materials with thinner

microstructures with fewer defects.
Hardness measurements

With respect to the mechanical properties, the eslabtained match the calculated
relative density. The hardness values obtainedugtrdhe different heating modes and

frequencies are presented in Figure 4.

Samples with the lowest relative density have theekt hardness values. As can be
seen, there is a difference in the hardness valtiise samples sintered by MW at a
different frequency. When microwave sintering isriea out at 2.45 GHz, the hardness
of the composites at 1,200 and 1,300 °C is sliglotyer (1.3 GPa) in relation to the
values obtained at 5.8 GHz, suggesting that thecesffof residual porosity are still
significant. However, all composites show higherdnass values at 5.8 GHz:
Particularly at 1,200 °C and 1,300 °C with 10 masubf dwelling time, the hardness
values are 14.2 GPa and 14.6 GPa, respectively.lditex is close to the maximum
hardness value obtained in this work (15.1 GPa)chvitorresponds to the sample

prepared by conventional sintering at 1,500 °C.

It can therefore be noted that MW-sintered samplesv Hv values comparable to
conventionally sintered samples despite being @dtéor less time at a much lower
temperature. However, the differences in Hv havenglency to be more pronounced
considering the two different frequencies adoptwdMW sintering, with the sintering
frequency of 5.8 GHz resulting in a significant myement of the Hv values for the
investigated material.

Young’s Modulus

Young's modulus values are presented in FigurenBrel'are no substantial differences
between the samples prepared using different tqaksei In general, higher density
leads to higher Young's modulus values, althougir tielationship is not linear. Many

factors affect E values, such as porosity, grae,gjrain distribution, and pores, among

others.



The highest and lowest values correspond to thelesmsintered by CS at 1,500 °C and
1,400°C for 120 minutes, (278 and 220 GPa resmdglivHowever, the Young's
modulus of samples sintered by MW are also betwZ2h270 GPa, while slightly

higher values are observed for samples preparadhigher frequency.

It should be noted that the Young’s modulus valakesvery similar to those found in

the literature for similar composites (Table 1). ®laver, these results confirm that the
use of Ce as a stabilising agent has no remarkafileence on the Young’s modulus,

since the values are approximately those obtaioethe samples stabilised with Yttria
[36].

Fracture toughness

One of the key mechanical properties of bio-ceranmsdracture toughness,dIn the
case of 10Ce-TZP/AD3; composite, the addition of ceria as a stabilisetuces a
considerable increase in its fracture toughnes®mparison with yttria-doped zirconia
(Y-TZP) materials, producing a material much maesistant to fracture, which is of
vital importance when used for implants and prasteeFigure 6 presents the values of
Kic for 10Ce-TZP/AJO; sintered by microwave at different frequencies and

conventionally at a different temperature.

The CS-sintered samples have similas Walues (10.0 + 0.4 and 10.8 + 0.5 MP&?m
for 1,400 and 1,500 °C, respectively). The sampiesered by microwave heating
present more pronounced differences in terms oir tlracture toughness values.
Particularly by increasing the sintering tempermatair 2.45 GHz, the fracture toughness
values decrease from 11.2 + 1.1 to 10 + 2.2 MPA. ffhis drop can be explained by

the increase of zirconia grain size (> 100 nm}thasdensity also increases slightly.

On the other hand, the fracture toughness valusaroples sintered at 5.8 GHz increase
with the sintering temperature, reaching similas ¥alues, 9.6 + 1.3 MPaffiand 11.2

+ 1.0 MPa-m? at 1,200 and 1,300 °C respectively, with the tateo being superior to
the value obtained by conventional sintering adQ,5C for 120 minutes.

The samples sintered by MW at 5.8 GHz and 1200CMW at 5.8 GHz and 1300 °C
have similar K values, although this last sample has a higherityeriis is also due

to the increased grain size of the zirconia (24@ 320 nm, respectively).

The K values estimated for 10Ce-TZP#8k show that MW sintering results in higher
(or comparable) values both at sintering tempeeatand at frequencies than those
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obtained by conventional sintering. If sintered pl® are compared, it can be
determined that MW enhances the: Kf this material. These results coincide with
those found by other authors when sinteringQalZrO,, with a different percentage of
ZrO, by microwave at 2.45 GHz.[26].

Following a thorough inspection of the literatutanay be stated that not many studies
have focused on the composite with a similar conmtiposof ceria-doped zirconia and
alumina. Table 1 contained a summary of hardnessyedl as Young’'s modulus and
fracture toughness values found in the literat@®&-B9], comparing them with the best
results obtained in the present study. Nawa andcKamet al. also obtained materials

with higher fracture toughness values using adektsuch as Ti©and MgO [38,39].

The most remarkable result is that MW-sintered ntdas high H, i and E values
that are at least comparable with those found enithrature for materials with a similar
composition and, therefore, our composites pregaltes within the admissible range

for applications as implants and prostheses.

Table 1. Values of hardness, Young's modulus aacture toughness of the composite

tested by different researchers and in the pregserk.

Kic

Material Authors H, (GPa
v (GPa) (GPa) (MPa-m'?

Conventional sintering

12Ce-TZP [37] 9.8-10%8 - 7.8*

70vol% 10Ce-TZP+ 18.1°
[38] 11.6 248

30vol% ALO3 (1500 °C) 9

70vol% 10Ce-TZP +

30vol% ALOz + TiO; [39] 11.7 247 20.1
(1440 °C)
65vol% 10Ce-TZP +
Present study 15°1 278 10.8
35vol% AlLO3 (1500 °C)
Microwave sintering
0 -
65vol% 10Ce-TZP + Present study 146 270 11.8

35vol% ALbO3 (1300 °C,
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5.8 GHz)

Hardness has been estimated by: (a) microhardards(b) nanohardness. Fracture toughness has
been estimated by: (c) the indentation-fracturehoet and (d) SEVNB method (except for value

with *, that was measured by the Double Torsionhod}.
Conclusions

This study has evaluated two different sinteringhads and the varying properties of

10Ce-TZP/A}O3 depending on the sintering conditions.

The sintering behaviour of 10Ce-TZP#® composite has been investigated through
conventional and microwave sintering, applying tdifferent frequencies: 2.45 GHz
and 5.8 GHz. No previous studies had been foundewtiee behaviour of sintering in
ceramic materials at high temperature was investigand compared by using these

frequencies.

Overall, microwave sintering has proven to be acepkonal alternative for sintering
10Ce-TZP/A}O3 composite, due to the fine microstructure and gooechanical

properties of the resulting materials. Furthermadtas technology requires lower
sintering temperatures and dwelling time than catigeal sintering, leading to a
reduction in energy costs and processing times aondsequently, the microwave

technique has a lower environmental impact.

With regard to the relative density values, the gamssintered by MW at 2.45 GHz or
5.8 GHz present a little variation in densificatitmough higher values were obtained in
the case of 5.8 GHz, irrespective of the sintetergperature. The same applies to its
mechanical properties (HE, Kc), reaching values like 14.6 GPa, 270 GPa and 11.2
MPa- " respectively, for the sample densified at 1,30@th 5.8 GHz, and 13 GPa,
225 GPa and 10 MPa'f respectively, for the sample densified at 1,30@ith 2.45
GHz. The fracture toughness values of all the steomposites are high enough for

structural applications (prostheses and implants).
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Figure Captions:

Figure 1. Relative density values of 10Ce-TZROAI composites sintered by
microwave as a function of frequency and conveiatian different temperatures.

Figure 2. FE-SEM micrographs of 10Ce-TZR&d composites sintered by microwave
as a function of frequency at different temperat@ré5 GHz: (a) 1200 °C-10 min, (c)
1300 °C-10 min, and 5.8 GHz: (b) 1200 °C-10 min,800 °C-10 min.

Figure 3. FE-SEM micrographs for 10Ce-TZPR3d materials conventionally sintered
at different conditions: (a) 1400 °C - 120 min &by1500 - 120 min.

Figure 4. Hardness values of 10Ce-TZR@OAl composites sintered by microwave as a

function of frequency and conventionally at differéemperatures.

Figure 5. Young’'s modulus values of 10Ce-TZB@ composites sintered by

microwave as a function of frequency and conveutigrat different temperature.

Figure 6. Fracture toughness values of 10Ce-TZBRYAlcomposites sintered by

microwave as a function of frequency and conveutigrat different temperature.
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Table 1.Values of hardness, Young's modulus and fracturghoess of the composite

tested by different researchers and in the preserik.

Kic

Material Authors H, (GPa
v (GPa) (GPa) (MPa-m'?

Conventional sintering

(Chevalier and
12Ce-TZP . 9.8-10.8 - 7.8*
Gremillard, 2009)

70vo0l% 10Ce-TZP+ (Nawa et al., 18.T
11.6 248
30vol% AbLOs (1500 °C) 1998) g9

70vol% 10Ce-TZP +
. (Tanaka et al.,
30vol% ALbOz + TiO, 11.72 247 20.1
2003)
(1440 °C)

65vol% 10Ce-TZP +

Present study 15°1 278 10.8
35v01% ALOs (1500 °C)

Microwave sintering

65vol% 10Ce-TZP +
35vol% ALO; (1300 °C, Present study 146 270 11.5
5.8 GHz)

Hardness has been estimated by: (a) microhardaeds(b) nanohardness. Fracture toughness has
been estimated by: (c) the indentation-fracturehoet and (d) SEVNB method (except for value

with *, that was measured by the Double Torsionhoé}.
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