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Abstract — Sintering of 7-8 wt. % yttria-stabilized zirconia (8 YSZ) was investigated using hybrid microwave
(HMW) processing. HMW heating offers several advantages over regular conventional sintering methods such as
but not limited to shorter processing times, more energy saving, faster ramp rate, homogenous volumetric heating
and improved materials properties. Moreover, HMW offers a more homogenous and uniform heating profile than
stand-alone pure microwave processing for such poor microwave absorber materials with low-dielectric contents,
such as 8YSZ. 8 YSZ is a typical ceramic material that is being used in many state-of-the-art high-temperature
applications such as thermal barrier coating (TBC). Commercial 8 YSZ powder was investigated in the current
study where the powder was pressed and molded into green body disk using uniaxial press before it was later heated
and sintered using HMW processing. A commercial hybrid microwave furnace was used during the sintering
experiments using 2.45 GHz microwave frequency combined with conventional heating at the same cavity. 8§ YSZ
prepared green disks were heat-heated at 3 different temperatures: 1350 °C, 1400 °C and 1450 °C using the same
holding time of 2 hours before they were allowed to cool down to room temperature. The HMW sintered disks were
characterized using X-ray diffraction (XRD) and scanning electron microscopy (SEM). The crystal size of HUW
heated samples was calculated to be around 46-49 nm using Scherrer equation. Furthermore, SEM micrographs of
the HMW heat-treated samples showed the typical sintered microstructure and grain boundaries. The phases
evolution and the microstructural changes behavior of 8 YSZ during HMW processing were discussed. HMW
processing was used successfully to sinter 8 YSZ samples where the transformation of the stable tetragonal (t-ZrO;)
phase into monoclinic (m-ZrQO;) phase was suppressed due to the formation of huge number of oxygen vacancies
during HMW processing where the cubic (c-ZrO2) phase was stabilized due to that generated vacancies. HMW was
slowing down the undesired martensite transformation which is usually associated with microcracks that leads to
lower mechanical properties. Hybrid microwave processing is considered as a promising technique to sinter YSZ
materials.

Keywords: Hybrid microwave (HMW) processing, Sintering, Yttria-stabilized zirconia (YSZ),
microstructure

I. Introduction

To cope with energy shortage and environmental
issues, ceramists have directed their efforts and
attention towards advanced rapid = sintering,
environmentally friendly and more energy saving
techniques that are going to be suitable alternatives to
the conventional used traditional methods[1, 2]. Rapid
sintering processes, such as microwaves (MW), were
explored since the early interest in MW sintering of

ceramics[3-5]. MW sintering is a fast-sintering
technique that offers the benefit of being a pressure-
less process in addition to the other advantages such
as: more energy saving, faster heating ramp, more
uniform volumetric heating and improved material
properties when compared with conventional heating
[6, 7].

During MW sintering, the material molecules are
directly interacting with the alternating electric and/or
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magnetic electromagnetic fields, resulting in large
number of defects and hence enhanced diffusion and
kinetics rates that results in improved properties[8]. At
room temperature (RT), materials can be classified into
good, partially or poor MW absorbers depending on
their dielectric and magnetic properties[9]. For poor
MW absorbers materials such as ceramics, a hybrid
microwave processing (HMW) technique had been
developed[10]. HMW refers to the combination of
MW energy and other conventional energy such as
convection, infrared, and conventional heating in order
to enhance the volumetric heating pattern of such poor
MW absorbers materials.

At RT, zirconia (ZrO), as a typical ceramic
material, has a monoclinic crystal structure that can
undergo during heating into the well-known
martensitic transformation into the tetragonal phase at
~ 1170 °C with around 3-4% of volume change in the
unit cell[11]. Moreover, it can be stabilized in that
tetragonal phase at a temperature range between 1170
°C and 2370 °C[12]. Finally, it can transform into
another higher temperature cubic phase up to the
melting point of ZrO, at ~2715°C[13]. Due to zirconia
unique characteristics and applications, the high
temperature phases can be stabilized at RT by adding
different oxides and alloying elements such as but not
limited to calcia (CaO), magnesia (MgO), and yttria
(Y205)[14].

Yttria-stabilized zirconia (YSZ) is composed of
two ceramics oxides, ZrO; and Y.0Os, in which the
latter is added as a dopant with different percentages
in order to stabilize the high temperature phases at
RT[15, 16], as shown in figure 1 of ZrO,-Y»0s phase
diagram[11, 17]. The three (3) possible phases of
zirconia with its space groups information are shown
in table 1[11].

7-8 wt% Y»0; which is equivalent to 3.8-4.4
mol% Y»0; is denoted in this study as 8YSZ. It is
considered as a current state-of-the-art thermal barrier
coating (TBC) material and being used in wide high
temperature applications due to its several advantages
such as: higher melting point (~2800 °C), higher
thermal expansion coefficient (CTE) (~10x107%/°C)
with closer match to Ni-based superalloys
(~12x107/°C) at RT, lower tendency of crack-induced
tetragonal (t) to monoclinic (m) martensitic
transformation during cooling to RT, higher toughness
than its corresponding cubic phase and finally higher
chemical-phase-mechanical stability in corrosive
high-temperature environment[18].
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The crystal structure of the partially-stabilized
8YSZ material is related to tetragonal family with a
space group: P4>/nmc (#137 -1), as shown in figure 2,
with the lattice parameters shown in Table 2[19]. As
shown in figure 2, zirconia (ZrO-) crystallizes in this
tetragonal P4./nmc space group where Zr** cation is
bonded in a distorted body-centered cubic (BCC)
geometry to eight (8) equivalent O* anion atoms. On
the other hand, the O* anion is bonded to four (4)
equivalent Zr** atoms to form a mixture of distorted
edge and corner-sharing within the OZrs tetrahedral
structure where there are four (4) shorter and another
four (4) longer Zr—O bond lengths.
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Figure 1: Phase diagram of ZrO,-Y»0s[17].
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Table 1: Different phases of ZrO[11].

Material Crystal Structure [Symbol [Space group

ZrO,  [cubic (fluorite) c-ZrOQ, |Fm-3m
tetragonal t-ZrO,  |P4»/nmc
imonoclinic m-ZrO, [P2,/c
(baddeleyite)

Figure 2: Tetragonal structure of 8YSZ. (Zr/Y: Green,
O: Red)
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Table 2: Lattice parameters of tetragonal 8YSZ[19].

Crystal. | a | b c |a| P |y Unit cell
System volume

Tetragonal3.6251 A5.14 A 90° 67.547849 A’

8YSZ with that tetragonal structure is usually
named as t’-phase. This t’-YSZ is a metastable phase
because it is a supersaturated phase at almost all
temperatures range. Moreover, it will decompose into
a mixture of Y-lean (t) and Y-rich cubic (c¢) phases.
Furthermore, the remaining exhausted t-phase will
transform easily to monoclinic (m) phase during
cooling[20].

Interestingly, the Y-rich cubic (c) phase in YSZ has
cubic fluorite structure with similar lattice parameters
to uranium dioxide (UO,) which is the main used fuel
in nuclear power plants. So, YSZ with cubic crystal
structure had been studied extensively due to that
similarity in addition to the other wide applications of
YSZ in high temperature applications[1, 21-38].

MW sintering of YSZ has been extensively
investigated using different types of compositions,
microwave cavities such as multimode and single-
modes, equipped with various insulation and susceptor
types[23, 39-45]. These studies have also explored the
sintering behavior where temperature measurements
have been conducted using different methods, such as
regular thermocouples, optical and/or Infrared (IR)
pyrometers with thermal imaging cameras[46, 47].
Additionally, the green samples used in these
experiments have varied in initial densities and shapes.

In the current study, HMW sintering of 8YSZ was
investigated where the evolution of phases and
microstructural changes behavior were studied.

I1. Materials and experimental work

The used 8YSZ powder was white in color with
the commercial name, Metco 204NS-G, that was
manufactured by Oerlikon Metco’s Hollow Spherical
Powder (HOSP)™ process. The spherical particles
were achieved via HOSP when the particles heat up at
a temperature that is higher than their melting point
allowing the surface tension to pull them into the
minimum energy spherical shape at ambient
atmosphere. The 8YSZ particles produced by HOSP
are used mainly in thermal barrier and/or thermal
shock resistance applications. Its melting point is
around 2800°C with a normal particle size distribution
of (-125 +11) um. The median diameters are as
follows: D 90% from (93 — 103) um, D 50% from (50
—57) um and D 10% from (21 —25) pm. The chemical
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composition of the used 8 YSZ powder is shown in
table 3 with a maximum of 2.5% of HfO; included in
the ZrO, balance and 6% maximum of monoclinic
phase.

Table 3: Chemical composition of 8YSZ powder.

Oxide ZI‘OQY203 SiOz TiOz A1203 F6203 OthesMono
clinic
Phase

wt.% |rest|7.0 — 0.05 0.5 6

(max) 8.0

The powder was pressed into cylindrical shape
disks (~30 mm in diameter x 5 mm in height) using
uniaxial press machine before it was sintered using
HMW processing.

HMW sintering of the prepared 8YSZ pellets was
done using a commercial Carbolite LTd microwave
(MW) assist box furnace with the model # MRF
16/22/3508P1 that can reach up to 1600°C. This HMW
furnace combines both free radiating heating elements
using 9 kW molybdenum disilicide heating elements
in addition to a microwave radiation source working at
2.45 GHz frequency with 1.8 kW magnetron power.
Regular conventional heating elements will heat
material from the outside to the inside while the HMW
energy will heat the material volumetrically. So, that
equipment is using HMW processing concept in a
controlled manner, as shown schematically in figure 3.

Radiant heating source

HMW
MW radiation I Cavity i
source | 1L
(2.45 GHz W [1[1p
Magnetron) (LIl
D
— {1
VA —%
8YSZ disk
CONTROL
Time Heat

Figure 3: Schematic of HMW setup with combined
radiant and MW heating.

The prepared 8YSZ disks was sintered using
HMW at 3 different heat-treatment temperatures: 1350
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°C, 1400 °C and 1450 °C using a heating rate of
50°C/min and holding time of 2 hours before being
allowed to cool down to room temperature. The
sintered disks were characterized using X-ray
diffraction (XRD) with Rigaku Miniflex-II Mini-X-
ray diffraction machine at 5° min rate using Cu Ka
source with 0.15406 nm wavelength working at 10mA
current and 30kV voltage. Furthermore, the sintered
8YSZ samples were characterized using scanning
electron microscopy (SEM) model (FEI Quanta 250)
where the disks were platinum coated using a Quorum
coating machine model Q150R.

III. Results

SEM of 8YSZ as-received powder is shown in
figure 4 with its characteristic spherical shape
produced by HOSP process.

The XRD patterns of the as-received 8YSZ sample
and the corresponding sintered samples using HMW
heating at three (3) different temperatures (1350 °C,
1400 °C and 1450 °C) are shown in figure 5. The as-
received XRD pattern of 8YSZ powder shows that the
addition of 7-8 wt.% of Y,Os has stabilized the
metastable tetragonal crystal structure in the (t’-ZrOy)
phase with a residual minor portion of the monoclinic
(m-ZrO;) phase, as indicated in the chemical
composition of the powder shown in table 3 and
matched with other previous studies[17, 48, 49]. The
major XRD peaks were indexed and identified as
tetragonal crystal structure with [CDD PDF-card # 01-
070-4432. The existence of the detected minor portion
of (m-ZrO,) phase is due to the local inhomogeneity in
the used commercial 8YSZ powder with its coarser
microstructure in the micrometric size which will
cause higher strains during cooling, as shown in other
studies[50, 51]. In addition, the XRD patterns of
heated-treated samples using HMW had also shown
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existence of a mixture of the residual of unstable
tetragonal (t’-ZrQO,), stable tetragonal (t-ZrO,) phase,
cubic phase (c-ZrO,) and traces of monoclinic (m-
Zr0,) phase, as will be discussed in the following
section.

In order to show this mixture of phases, figures 6
and 7 are showing two selected 260 ranges of the HMW
heat-treated samples from (27-33) and from (72-77),
respectively. As shown in figure 6, the amount of the
detected (m-ZrO») phase in all the three HMW heat-
treated samples was decreasing in amount, compared
to the as-received powder where it was continuously
decreasing as the temperature was increasing from
1350 °C till 1450 °C.
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120000 1 —— 1400 HT.
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Figure 5: XRD of the as-received 8%YSZ and the
HMW heat-treated corresponding samples at different
temperatures.

Furthermore, another critical change was noticed
related to the decomposition of the metastable
tetragonal (t’-ZrO,) phase where the changes in the
XRD peaks of (400) and (004) plans as a function of
sintering temperature is shown in figure 7. As the
temperature increases from 1350 °C to 1450 °C, the
evaluation of a new peak related to the cubic (c-ZrO»)
phase is observed first at 1350°C sample then become
more obvious as the temperature increases to 1450°C.
The peaks slightly shift toward larger angles due to a
decrease in the lattice parameter caused by MW
heating[52]. The metastable non-transformable (t’-
Z1r0O,) phase had started to decompose gradually into
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the stable transformable tetragonal (t-ZrO,) phase with
low yttria content and the other stable cubic-(c-ZrO,)
phase[53]. The cubic phase was identified and
matched well with ICDD PDF-card #01-030-1468.
The stable tetragonal phase (t-ZrO,) is restricted to the
solubility limit while the unstable tetragonal phase (t’-
Zr0O») has an expanded solubility limit but decomposes
into a mixture of the stable tetragonal and cubic
phases[54], as confirmed from the equilibrium phase
diagram, shown in figure 1.

Usually under normal conventional heating above
~1300°C, followed by cooling to RT, the developed
stable tetragonal-t phase will subsequently transform
into the monoclinic-m phase (m-ZrO,), causing an
increase of ~3-5% in volume with a major
deterioration in the mechanical properties due to
extensive microcracking[55], so this transformation of
t into m phases is not desired.

As shown in figures 6 & 7, HMW heating was
allowing the decomposition of the metastable
tetragonal (t’-ZrO») phase into both the stable cubic (c-
ZrO;) and tetragonal (t-ZrO;) phases while
suppressing the subsequent martensitic transformation
of (t-ZrO;) phase into (m-ZrO,) phase. Hence,
decreasing the amount of (m-ZrO,) phase as the
temperature increases to 1450°C. One reason could
explain why HMW heating had suppressed this phase
transformation might be due to the formation of high
number of anion vacancies in 8 YSZ samples during
microwave heat-treatment where the increase in
oxygen vacancies will act as a stabilizer for the cubic
phase[52]. So, the high amount of oxygen vacancies
formation induced by microwave irradiation followed
by air cooling to RT will cause the formed extra
oxygen vacancies to displace the oxygen ions from its
equilibrium position in the tetragonal phase and act as
a cubic phase stabilizer and consequently the
martensitic transformation was suppressed[52, 56].
Therefore, sintering of 8 YSZ using HMW processing
will be more attractive than conventional heating.

The average crystallites sizes of the three HMW
sintered 8YSZ samples were calculated to be around
46-49 nm using Scherrer equation as follows:

kA
= L cos@

Where f is the full width at half-maximum
(FWHM) of the diffraction peak in radians, L is
crystalline size in (A), k = 0.92, 0 is the Bragg angle
and L = 1.5406 A.

SEM micrographs of the sintered 8YSZ samples
using HMW heating at 1350 °C, 1400 °C and 1450 °C,

Proceedings of SCOPE
13-15 Nov. 2023 - KFUPM
Paper 23132

respectively, are shown in figure 8. The figure
indicates the closer of major pores between spherical
powder particles during MW sintering with the
formation of well defined-grain boundaries which
indicating the successful sintering of 8YSZ samples.
Furthermore, the average grain size was slowly and
gradually increasing from 46 pm till 49 pm, as
confirmed using XRD calculation, as the temperature
was increasing from 1350 °C till 1450 °C. The shown
minor observed voids might be due to possible
spherical particle displacement or collapsing of
particles during HMW sintering.
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Figure 6: XRD of samples for 20 range 27-33.
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Figure 7: XRD of samples for 20 range from 72-77.
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Figures 8: SEM of 8YSZ sintered samples using HMW

heating at 1350 °C (a), 1400 °C (b) and 1450 °C (c),
respectively.

IV. Conclusions

Sintering of 8YSZ was successfully achieved
using HMW processing. Phase decomposition,
transformation, and microstructural changes during
HMW heat-treatment of 8YSZ at 3 different
temperatures were discussed. HMW had been found to
allow the decomposition of non-transformable
metastable tetragonal (t’-ZrO,) phase into the
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transformable  tetragonal and cubic  phases.
Furthermore, HMW heat-treatment of 8YSZ was
found to suppress the regular phase transformation of
the formed stable tetragonal (t-ZrO,) phase into the
monoclinic (m-ZrO,) phase due to the formation of
vast number of anion vacancies generated during the
molecular heating of microwave radiation followed by
air cooling. The MW generated substantial number of
defects and vacancies will act as a stabilizer for the
cubic (c-ZrO,) phase, preventing the common crack-
induced martensite transformation of (t into m) as an
undesired transformation that usually causes
degradation in the material mechanical properties.
Consequently, sintering of 8 YSZ using HMW
processing is more attractive than conventional
heating. HMW heat-treated sample at 1450°C has
shown the most clear and obvious cubic phase peak
formation in the 20 range between ~73-74. Hybrid
microwave processing is considered as a promising
technique to sinter Y SZ materials, consequently HMW
is a promising candidate to process nuclear materials
such as uranium dioxide (UO>) due to its structural
similarity (fluorite structure) to cubic (c-ZrO-) phase.
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